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ABSTRACT 
A n increased formation of reactive oxygen species (ROS) or reactive nitrogen species (RNS) 
and/or decreased antioxidant reserve results in the oxidative stress, which is involved in the 
pathogenesis of many cardiovascular diseases, including hypercholesterolemia, hypertension, 
chronic renal failure, cardiomyopathies, cardiac hypertrophy, congestive heart failure, 
ischemia/reperflision injury and atherosclerosis. The vascular endothelium is very susceptible 
to oxidative stress. ROS/RNS may be produced within the endothelial cells, may be present 
in plasma components, and may be derived from neutrophils or some other blood-bome cells. 
These ROS react wi th endothelial macromolecules such as DNA, proteins and lipids, causing 
extensive damages to cellular structures and eventually cell death. The morphological and 
functional alteration of endothelium is preceded by ROS/RNS-induced alteration in calcium 
homeostasis. ROS are known to cause a sustained increase in endothelial [Ca^^Jj, which 
activates proteases, alters the cytoskeleton, and eventually leads to endothelial dysfunction. 
In the current study, I investigated the endothelial Ca^^ responses elicited by ROS by 
applying hydrogen peroxide or hypoxanthine-xanthine oxidase (HX-XO) to cultured 
microvessel endothelial cells H5V. Application of hydrogen peroxide (500 juM and 2 mM) 
caused an increase in cytosolic Ca^^ levels ([Ca^^Ji). Two different types of rise could 
be observed in response to H2O2 challenge, a rapid response occurred within a few seconds 
and a slower response that normally happened 3-20 min after H2O2 application. In the fast 
response, a dose-dependent increase in the amplitude of Ca^^ signal could be observed in 
response to an increased H2O2 concentration. The amplitude of [Ca^^Ji rise in response to 
* 2+ H2O2 also increased as extracellular Ca level increased. We explored the mechanism of 
H202-induced rise and found that U73122 (lO^iM), a phospholipase C (PLC) inhibitor, 
inhibited the H202-elicited rise whereas an inactive analog U73343 had no effect. 
Ill 
2+ HiOi-el icited [Ca ]i rise was also inhibited by quinacrine (100 j iM), an inhibitor for 
phospholipase A2 (PLA2), and by Xestospongin C (10 juM), an IP3 receptor inhibitor. These 
results suggest the involvement of PLC, PLA2 and IP3R in H202-induced responses. 
In contrast, the rapid [Ca2+]i response to H2O2 was not affected by 2% DMSO, a hydroxyl 
radical scavenger, suggesting that the observed responses was hydroxyl radical-
independent. 
Although H2O2 itself could elicit a rise in endothelial cytosolic Ca^^ level, pretreatment of 
endothelial cells wi th H2O2 (500 j^M or 1 mM) reduced the agonist-induced responses. 
The amplitude of ATP-induced [Ca^^Ji rise was reduced by H2O2 treatment in dose- and time-
dependent manners. A greater reduction in ATP (1 |iM)-induced [Ca^^Ji rise was observed in 
cells that were pre-treated with H2O2 at higher concentration or for longer time. The 
decreased [Ca^ "^ ]； responses to agonist (ATP) challenge were likely due to the depletion of 
intracellular Ca^^ stores by H2O2 treatment. This was confirmed by Mag-Fluo-4 experiments, 
2+ 
in which the store Ca level was found to be reduced after H2O2 (2 mM) treatment for 30min. 
Taken together, H2O2 has dual effect on endothelial signals. It increases endothelial cytosolic 
Ca level by itself, but it reduces the agonist-induced Ca rise. 
Similar experiments were done to investigate the effect of HX-XO on endothelial [Ca^^Jj. 
Application of H X (100!iM)-XO (lOmU/ml) elicited a marked increase in The [Ca^^Ji 
responses could be attenuated by SOD (250U/ml), catalase (2000 U/ml), XeC (10 ^ M ) and 
quinacrine ( l [ iM ) but not by DMSO (2%). These results revealed that the effect of HX-XO 
on [Ca2+]i was mediated by superoxide anion and H2O2, through a PLA2- and IPsR-dependent 
but hydroxyl radical-independent pathway. 
IV 
There are at least four Transient Receptor Potential (TRP) channels, TRPC3, TRPC4, 
TRPM2 and TRPM7, that are known to be activated by oxidative stress. TRPC3, TRPC4 and 
TRPM7 have been reported to be expressed in vascular endothelial cells. These ROS-
sensitive endothelial TRP channels may act as sensors for oxidative stress in the vascular 
system, and the targeted down-regulation of these channels is expected to protect endothelial 
cells from oxidative stress-induced cell injury. 
In the present study, we found the expression of TRPM2 in H5V cells with the use of 
immunoblots. To explore the functional role of TRPM2 in HiOi-induced Ca^^ entry in the 
endothelial cells, an antisense cDNA approach was used to down-regulate the expression of 
TRPM2 in H5V cells. A sense control was used to provide a control for the possible non-
specific effect resulted from the transfection process. My results show that the TRPM2 
protein expression in cells transfected with antisense TRPM2 constructs was suppressed by 
〜850/0 whereas the sense control had no effect on TRPM2 protein expression. Functional 
studies demonstrated that the HiOi-induced response was markedly reduced in cells 
transfected with the TRPM2 antisense construct. These data suggest that TRPM2 might be 
one of the channels that mediate Ca^ "^  influx in response to H2O2. 
With the use of immunohistochemistry, TRPM2 was found to be expressed in endothelial 
cells and smooth muscle cells of cerebral arteries, cardiac myocytes, renal glomerular 




























躬濃度的增加，我們卻發現預先將內皮細胞暴露於過氧化氫(500 uM or 1 mM)能 
減低外來剌激份子弓丨發的胞內躬反應。過氧化氫除能夠減低胞外三磷酸腺苷 






我們亦有硏究次黃質(hypoxanthine; HX)加上黃質氧化酵素(xanthine; X0)對內 
皮細胞#5濃度的影響。結果顯示HX (100.UM) + X0 (lOmU/ml)能弓丨起胞內躬濃 
度的激烈提升。而此躬反應則能夠被250U/ml超氧陰離子岐化酵素（SOD)、 
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Chapter 1: Introduction 
1.1 Oxidative Stress 
1.1.1 Historical Background of reactive oxygen/nitrogen species 
The presence of free radicals in biological materials was discovered by 50 years ago」 
Soon thereafter, Denham Harman hypothesized that oxygen radicals may be formed as 
by-products of enzymatic reactions in vivo.^'^ The science of free radicals in l iving 
organisms entered a second era after the discovery of an enzymatic antioxidant 
superoxide dismutase by McCord and Fridovich,"^ which supported the deleterious effects 
of ROS first proposed by Gerschman et al., and finally convinced most colleagues with 
the importance of free radicals in biology. Numerous researchers were then inspired to 
investigate oxidative damage inflicted by radicals upon DNA, proteins, lipids, and other 
components of the cell.， 
The science of free radicals entered a new era after the release of the first report which 
described the advantageous effects of free radicals in biological organisms.^ Nowadays, 
the field of research deals with the physiological and pathological roles of reactive 
oxygen species (ROS) or reactive nitrogen species (RNS) is being extensively studied. 
These reactive species are found to be essential regulatory mediators in many signaling 
processes as well as important stimulators in various oxidative stress-induced diseases 
and even cell death. Whether these reactive species are beneficial or detrimental depends 
on the nature and the concentration of the involved species, the intensity of the redox-
sensitve signal cascades corresponding to the oxidative s t r e s s , 入 ^ and the availability of 
1 
antioxidants. Therefore, a study of the mechanism of cellular redox regulation systems 
may provide important information concerning our life and death. ^ 
2 
1.1.2 What is Oxidative Stress? 
In higher organisms, such an oxidative event may be induced in a regulated fashion by the 
activation of endogenous RNS- or ROS-generating systems. However, it may also be 
induced by environmental stimuli in an unregulated fashion. I f the initial increase in ROS 
is relatively small, wide range of organisms can induce an antioxidative response which 
compensates for the increase in ROS and resets the original balance between ROS 
production and ROS scavenging capacity, in order to protect our bodies from oxidative 
damage. In the long run, these mechanisms tend to maintain a stable state called redox 
homeostasis. 
However, under certain conditions, i f there is an excessive production of ROS 
persistently and/or a decreased antioxidant reserve, the endogenous antioxidant defense 
mechanisms may not be sufficient to reset the original state of redox homeostasis. This 
may result in dysregulation of physiological processes and cellular injuries due to auto-
oxidation of biological macromolecules, such as DNA, protein, carbohydrates, and lipids. 
This condition is commonly known as oxidative stress. ^^  
3 
1.1.3 Reactive Oxygen Species (ROS) 
ROS are a family o f molecules including molecular oxygen and its derivatives produced 
in all aerobic cells/^ ROS are reactive chemical entities which are classified into two 
categories: free radicals such as superoxide anion and hydroxyl radical, and non-radical 
derivatives including hydrogen peroxide and hypochlorous acid. Free radicals are species 
characterized by having one or more unpaired electrons which make these entities more 
reactive than the corresponding non-radicals. When two free radicals react, they form a 
non-radical by jo in ing their unpaired electrons.n The reaction o f a radical wi th a non-
radical w i l l set up a chain reaction to generate a new radical. 
1.1.3.1 Superoxide anion (O/ " ) 
The production o f ROS often begins wi th a 1-eletron addition to molecular oxygen to 
1 1 o 
form superoxide a n i o n .，T h i s process can be mediated by enzymes such as NAD(P)H 
oxidases and xanthine oxidase or nonenzymically from the mitochondrial electron 
transport cha in , 
〇 2 + e l e c t r o n oxidase— 〇2.-
Superoxide is a negatively charged free radical that undergoes rather selective chemical 
reactions wi th the components of biological systems. ^ ^ In an organic medium, it is a 
highly reactive entity since it can rapidly react wi th different metabolic enzymes/^' 
Oi• ‘ can react wi th itself wi th a rate constant of 8x1 O^  mol"^ • L* s"^  to form hydrogen 
peroxide (H2O2) and molecular oxygen (O2). In the presence of superoxide dismutase 
(SOD) enzymes, this reaction can be catalysed with a rate constant of 2x10^ mor^'L 
〇 2 . - + 〇2._ H 2 O 2 + 〇 2 
4 
1.1.3.2 Hydrogen peroxide (H2O2) 
1 q 
H2O2 is a member of the non-radical family, which does not have an unpaired electron. 
It is a relatively stable species, with biological diffusion properties similar to H2O, which 
makes it easily diffusible within and between cells/^'^^ It is either derived from O2" as 
shown in the previous equation, or it is directly produced by certain oxidases through a 2-
electron reduction of oxygen/^ such as amino acid oxidase, xanthine oxidase and 
NAD(P)H oxidase. 15-17 
A biologically significant source of other peroxides that interact with oxidant-related 
signalling systems is lipoxygenase enzyme, which typically metabolises arachidonic acid 
• • • 12 into hydroperoxyeicosatetraenoic acids species. 
In the presence of antioxidative enzymes such as catalase or glutathione peroxidase, 
hydrogen peroxide may be converted into water. 
In the glutathione (GSH) peroxidase reaction, H2O2 and other biological peroxides are 
reduced to H2O, while GSH is oxidized to its disulfide form (GSSG). 
H2O2 + 2 G S H GSH peroxidas^ H2O + G S S G 
The oxidized GSSG can be converted back to GSH by glutathione reductase in an 
NADPH-consuming process.^ 
In the catalase reaction, H2O2 is converted into an oxidized heme intermediate called 
compound I, which is normally converted back into its reduced form by a second 
molecule of hydrogen peroxide.^ 
5 
Catalase + H2O2 + H2O + Compound I 
Compound I + H2O2 今 O2 + 恥 + Catalase 
In simplicity: H2O2 H2O + O2 
In the presence of reduced transition metals (e.g.，ferrous or cuprous ions), H2O2 can be 
1 o 
converted into the highly reactive hydroxyl radical (.OH) in the Haber-Weiss reaction. 
Apart from being a precursor of the OH, H2O2 is also a precursor of hypochlorous acid 
(H0C1).19 In activated neutrophils, the NADPH-dependent oxidase reduces molecular 
oxygen to O2 ' and In the presence of myeloperoxidase and chloride ion, H2O2 
forms HOCl both inside and outside the cell followed by the formation of other non-
radical oxidants such as singlet oxygen in human neutrophils 
H2O2 + H+ + Cr今 H iO + HOCl 
H2O2 + H O C l ) H2O + H + + c r + O 2 
1.1.3.3 Hydroxyl radical 
Hydroxyl radical is considered to be the most reactive species with a very short half-life. 
1 o 
It can be generated by ionisation of the water molecule by radiation. In the presence of 
transient metal ions, hydroxyl radical can also be generated from H2O2 by a major 
13 
biological reaction: the Haber-Weiss reaction. 
F e - +• H|C), — •+ O H * + O i r 
When generated, OH induce significant damage in the cell especially with limited 
diffusion capacity?^ The harmful effect of OH occurs on the cellular proteins, 
carbohydrates, lipids and DNA. OH is also capable of initiating a free radical chain 
6 
• • • 22 reaction by initiating l ipid peroxidation. 
1.1.3.4 Nitr ic oxide (NO) 
Nitr ic oxide was first identified to be an endothelium-derived relaxing factor (EDRF) by 
Palmer et al. (1987). It is synthesized from the precursor, amino acid L-arginine and 
molecular oxygen and the reaction is catalysed by nitric oxide synthase (NOS). 
Endothelial NOS (eNOS) is the most important form of NOS that is responsible for a 
continual production and release of NO by endothelial cells (also by phagocytes, platelets, 
heart and certain cells in the brain). The rate of NO synthesis is determined to some 
extent by the availability of the substrate L-arginine and by the cofactor 
tetrahydrobiopterin (BH4). 
L-arginine + O2 n。“ L-citrulline + NO 
NO produced in endothelial cells can travel freely through cell membranes and thereby 
act on neighboring smooth muscle cells to induce vasodilatation. Apart from being an 
important vasodilator, it also acts as a neuro-transmitter as well as an effective killer of 
parasites.23 
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1.2 Cardiovascular System 
1.2.1 Enzymatic and Non-enzymatic Sources of ROS in Cardiovascular 
System 
In the cardiovascular system, large amount of ROS may be produced in vascular cells, 
including the endothelial cells, vascular smooth muscle cells, neutrophils, fibroblasts, 
plasma components, and some other blood-bome cells. 
In mammalian cells, potential enzymatic sources of ROS include the mitochondrial 
respiration, arachidonic acid pathway enzymes lipoxygenase and cyclooxygenase, 
cytochrome p450s, xanthine oxidase, NADH/NADPH oxidases, NO synthase, 
peroxidases, and other hemoproteins/^ 
ROS and RNS are generated in cells by several pathways, either enzymatic / non-
enzymatic: 
1.2丄 I N A D P H oxidase 
Excessive amounts of ROS may arise from excessive stimulation of NAD(P)H oxidases, 
which can be categorized into phagocytic NADPH oxidase and non-phagocytic NADPH 
oxidase. 
Phagocytic cells have a membrane-bound flavohemoprotein containing NADPH oxidase 
with cytochrome b，which produces limited amounts of superoxide. Upon stimulation, 
however, the activated phagocytes wi l l produce large amounts of superoxide by its highly 
8 
active NADPH oxidase on the external surface of the plasma membrane. Thus, it is an 
important source of ROS in segments of the circulation that are exposed to activated 
inflammatory cells.^^ 
Nonphagocytic NAD(P)H oxidase isoforms produce ROS in nonphagocytic cells 
including fibroblasts, endothelial cells, vascular smooth muscle cells, cardiac myocytes, 
and thyroid tissue?^"^^ This oxidase appears to have a basal NAD(P)H-dependent 
superoxide generating activity in the absence of cellular activation, and certain stimuli, 
such as angiotensin II, tumor necrosis factor-a, thrombin, and lactosylceramide, appear to 
1 ) 
stimulate the activity and/or expression of this protein. 
NAD(P)H oxidase is reported to be the predominant source of superoxide anion in the 
human vasculature.^^ Upon stimulation by various agents, superoxide anions are 
produced within minutes to hours by endothelial cells and vascular smooth muscle cells, 
in contrast to the almost instantaneous release seen in neutrophils.^^ 
1.2.1.2 Hvpoxanthine-Xanthine oxidase (HX-XO) 
A second enzymatic pathway generating superoxide in the vessel wall is the 
hypoxanthine-xanthine oxidase (HX-XO) generating system. Under certain conditions, 
xanthine dehydrogenase, which normally utilizes NAD+ as electron acceptor, is converted 
into XO by either thiol oxidation or proteolytic cleavage，XO, in turn, generates 
superoxide by converting HX into xanthine and xanthine into uric acid. Under normal 
conditions, the limited amount of xanthine or HX makes XO accounts for only a minor 
proportion of total ROS production/^ However, after ATP or GTP degradation, i.e. under 
conditions of mitochondrial damage and dysfunction, the amount of these substrates may 
9 
become sufficient for xanthine oxidase to produce large amounts of ROS. Therefore, 
superoxide formation by xanthine oxidase occurs as a rather late event in vascular 
damage.形夏 
1.2.1.3 Nitric oxide synthase (NOS) 
Another enzymatic source of superoxide anion in the cardiovascular system is endothelial 
NOS (eNOS), which is one of the three NOS isoforms. Many tissues express one or more 
isoforms. The isoforms neuronal NOS (nNOS) and eNOS are constitutively expressed, 
but their activity is regulated by the intracellular calcium concentration. The inducible 
NOS (iNOS) is inducibly expressed in macrophages after stimulation by cytokines, 
lipopolysaccharides, and other immunologically relevant a g e n t s , � 
As mentioned previously, NOS can catalyze L-arginine to produce NO. However, it may 
seem surprising that NOS, like most cytochrome P450 dependent monooxygenases, is 
also a source of superoxide anion. In vitro studies have demonstrated that loss or 
deficiency of the BH4 cofactor or lack of the substrate L-arginine can provoke both 
eNOS and nNOS to liberate superoxide instead of NO.43-46 This is known as NOS 
uncoupling. The major determinant of NOS uncoupling appears to be availability of the 
co-factor There is evidence that this occurs in some forms of hypertension. In 
addition, it has recently been demonstrated that eNOS may produce superoxide anion and 
H2O2 even in normal condi t ions .双斗？ 
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1.2.1.4 Mitochondrial electron transport chain (ETC) 
The mitochondrial electron transport chain (ETC) is a relatively well-investigated source 
of ROS, which may comprise a complicated process involving a rise in mitochondrial 
Ca^^-levels, permeability transition and a loss of the membrane potential， 
Cellular aerobic metabolism is based on the production of ATP through the electron-
transport reaction in which molecular oxygen is considered as the end electrons and H+ 
acceptor and eventually reduced to water. The electron transport through this 
mitochondrial respiratory chain is very efficient, in which the vast majority of O2 is 
consumed. However, leakage of a single electron is possible and 1-2% of electrons are 
continuously leaked in all cells practically and resulted in a specific one-electron-
reduction of dioxygen to generate O2'" in reactions mediated by the semiquinone form of 
coenzyme Q and ubiquinone and its complexes, which are components of the ETC in the 
mitochondrial m a t r i x / T h u s , mitochondria are believed to be the most important 
physiological source of O2' in vivo.59 
1.2.1.5 Cyclooxygenase 
COX is an additional source of superoxide production during the PGs synthesis or 
peroxides metabolisms because of its ability to co-oxidize substances such as 




Lipoxygenase enzymes, which typically metabolise arachidonic acid into 
hydroperoxyeicosatetraenoic acids species, are biologically significant source of 
12 
peroxides that interact wi th oxidant-related signalling systems are. 
1.2.1.7 Endoplasmic reticulum 
Another site of electron transport is the endoplasmic reticulum, where superoxide is 
generated by the leakage of electrons from NADPH cytochrome P450 reductase.^^ 
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1.2.2 ROS/RNS Scavenging Systems 
Liv ing organisms have evolved a network of antioxidant defence mechanisms to maintain 
their survival against oxidative stress. Antioxidants are defined as substances that are able, 
at relatively low concentrations, to compete wi th other oxidizable substrates and, thus, to 
significantly delay or inhibit the oxidation of these substrates.^^ These mechanisms are 
different in the intracellular and extracellular compartments and are of enzymatic or non-
enzymatic nature. 
1.2.2.1 Superoxide dismutase (SOD) 
There are 3 isoforms of SOD: 
• a cytosolic copper/ zinc-containing form (Cu/ZnSOD) 
• a mitochondrial manganese containing form (MnSOD) 
• an extracellular isoenzyme (ecSOD), which is also a copper/zinc-containig 
39 enzyme. 
SOD catalyses the dismutation of superoxide radical into H2O2 and oxygen/^ Therefore, 
it represents a major cellular defense against superoxide.^^ 
In the absence of SOD, intracellular oxidases typically seen in vascular tissue should 
result in nanomolar levels of superoxide. In the presence of SOD, the concentration of 
12 
superoxide is lowered into picomolar range, which acts as a source of H2O2. 
Another important role of SOD is to preserve NO bioactivity at the level of the vessel 
w a l l . 3 9 It was found that excessive production of superoxide anion in the vessel wall can 
undergo an extremely rapid, diffiision-limited radical reaction with NO, leading to 
13 
formation o f peroxynitrite anion (ONOO ), a strong oxidant which can induce oxidation 
of proteins, lipids and D N A by itself, or it can be rapidly protonated at physiological pH 
to yield the highly reactive peroxynitrous acid, which in turn generates the hydroxy 1 
radical OH".^^ 
〇2._ + N O ^ • O N O O " 
As NO is an important EDRF which acts on smooth muscles and induces vasodilation, 
the degradation of NO by O2." can blunt endothelium-dependent vasodilation, leading to 
endothelial dysfunction and other pathological conditions.^^'^^"^^ 
The expression of ecSOD has been demonstrated to be upregulated in response to NO. 
Immunohistochemical studies have also shown that vascular ecSOD is localized in high 
concentrations between the endothelium and the smooth muscle layer, which can reduce 
reactions of NO with superoxide, thereby enhancing the beneficial biological effects of 
NO released by the endothelium.^^ 
1.2.2.2 Catalase 
Catalase metabolizes H2O2, but not l ipid peroxides, by initially reducing it to H2O as a 
result of donating 2 electrons from its ferric heme, forming a highly oxidized heme 
intermediate called compound I. The heme of compound I of catalase is then reduced 
12 
back to its ferric form by oxidizing a second molecule of H2O2 to O2. 
Catalase + H2O2 今 U iO + Compound I — cGMP 
Compound I + H2O2 O2 + H2O + Catalase 
In simplicity: H2O2 e a t — e ^ 。 + O2 
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1.2.2.3 Glutathione peroxidase 
Glutathione peroxidase is another well-known enzymatic antioxidant. As it is found to be 
very abundant in cytosol, it works very efficiently when H2O2 is produced in excess 
• • 67 68 
intracellularly and, therefore, protects cell membrane against l ip id peroxidation. ’ In 
the process of glutathione peroxidase reaction, GSH donates protons to the membrane 
lipids to keep them reduced, while itself is being oxidized into GSSG.^^ The levels o f 
reduced and oxidized forms of glutathione are also considered as an index (GSH:GSSH 
ratio) o f cellular oxidative s t a t u s ， 
2GSH + H2O2 + GSSG + 2 H2O 
2GSH + ROOH -^GSSG + ROH + 2 H2O 
1.2.2.4 Non-enzymatic antioxidants 
Lipid-soluble a-tocopherol (vitamin E) and water-soluble ascorbic acid (vitamin C) are 2 
well-known cytosolic and extracellular antioxidants respectively.^ Iron-binding proteins, 
iron-transport proteins and albumin present in the plasma are other examples of 
extracellular antioxidants as they can lower the free iron concentration which, i f present 
in free form, can promote l ipid peroxidation。64，7i 
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1.2.3 Factors that stimulate ROS production in cardiovascular system 
One of the most important attributes of the cardiovascular oxidase is its responsiveness to 
hormones, vasoactive substances, oxygen tension, physiological forces associated with 
blood pressure and flow. 
1.2.3.1 Oxygen tension 
One of the first vascular responses suggested to be mediated through oxidant signalling 
• 72 75 
mechanisms was the contractile response of the pulmonary vasculature to hypoxia. ‘ A 
growing body of evidence indicates that changes in oxygen concentration (PO2) are 
口 Q n ^  
independently sensed by vascular oxidases, such as NAD(P)H o x i d a s e , w h i c h show 
changes of rates of ROS production at physiologically relevant O2 tensions. Other studies 
suggest that changes in the rate of mitochondrial ROS production may play a major role 
in oxygen sensing by the carotid These systems, therefore, are likely to function 
as vascular O2 sensors that activate signalling mechanisms and control the rate of 
78 
ventilation. 
1.2.3.2 Flow, Shear, and Stretch as an initial stimulus for endothelial oxidant signalling 
Flow was shown to be a stimulus for the production of free radicals from the endothelium 
of intact vascular tissue^^ Studies on the effects of flow on cultured human umbilical 
vein endothelium^^ have also identified the initial activation of N A D H oxidase activity 
and a subsequent increase in Cu/Zn-SOD expression by exposure to steady laminar shear. 
In this system, oscillatory stretching or shear stress causes a sustained activation of pro-
oxidant processes associated with redox-sensitive gene expression. H2O2 produced by the 
18 
activated N A D H oxidase have also been reported to increase the expression of NOS by 
processes associated wi th increased transcription and mRNA stability.^^ Thus, the shear 
forces caused by blood f low can influence endothelial signalling mechanisms and gene 
expression through changes in ROS and RNS productions. These processes may 
• 12 
participate in adaptations of vascular function to stimuli such as exercise. 
1.2.3.3 Activation of rennin-angiotensin system promote oxidative stress in 
cardiovascular system 
Prolonged exposure of the growth-promoting agent angiotensin I I in vessel wall in vitro 
and in vivo was found to increase the expression and activity of NADPH oxidase in 
endothelial cells, vascular smooth muscle cells, and fibroblasts, and trigger superoxide 
82 
formation in these tissues. 
The observed antiotensin Il-induced oxidative stress appears to be a key participant in the 
83 
impairment of endothelial NO function in animal hypertensive models. 
1.2.3.4 Regulation of vascular ROS production by vasoactive substances 
Certain vasoactive substances, such as thrombin, platelet-derived growth factor (PDGF), 
tumor necrosis factor-a (TNF-a), cytokines, lactosylceramide and interleukin-1 appear to 
stimulate the superoxide production in endothelial cells, vascular smooth muscle cells 
and fibroblasts by stimulating the activity and/or expression of the NAD(P)H oxidase 
presented in these tissues.io，i2，i3，84-88 
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1.2.4 Regulation of vascular tone in Cardiovascular System by 
ROS/RNS 
NO and ROS play an important role as regulatory mediators in many signalling processes, 
this includes monitoring of oxygen tension in the control of ventilation and erythropoietin 
production, amplifying the response of lymphocyte receptor to antigen, regulating cell 
adhesion and maintenance of “redox homeostasis" etc. 
The important regulatory role of these free radicals or their derivatives is not only limited 
in those mentioned previously but also play a fundamental role in the normal functioning 
of cardiac and vascular cells. Since all cell types in the vascular wall can produce 
ROS/RNS upon multiple stimuli, the field of research deals with the role of these reactive 
species in the regulation of cardiovascular functions is particularly active,26,34 among 
which the regulation of vascular tone and myocyte function by NO as well as ROS is the 
most dominant one. 
1.2.4.1 Regulation of vascular tone 
As mentioned before, NO is a regulatory molecule that can cause vasodilatation. It was 
reported that the effect of NO in vascular system is mediated by the activation of GC and 
13 
the formation of cGMP, a second messenger involved in smooth muscle relaxation. In 
details, NO binds and activates guanylate cyclase, which is an enzyme that catalyzes the 
conversion of GTP in cGMR The eventual production of cGMP in turn serves as a 
substrate for cGMP-dependent protein kinase (PKG), which eventually lowers the 
smooth muscle intracellular Ca^^ level, which is the primary determinant of smooth 
muscle relaxation. 
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Apart from activated by NO, GC was found to be activated by both superoxide and 
O Q Q ) 
hydrogen peroxide. ‘ This effect o f ROS is believed to play a role in the oxygen-
dependent regulation o f cGMP levels and vascular contraction.^ 
The most dominant initial effect of increased ROS production by endothelium appears to 
•t 1 
be the attenuating action of superoxide on NO signalling as excessive production o f 
superoxide anion in the vessel wal l can cause NO degradation and peroxynitrite anion 
(ONOO ) formation, which blunts the endothelium-dependent vasodilatation, leading to 
endothelial dysfunction and other pathological conditions.^^'^^'^^ (F ig 2) 
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Fig 2: Effects of superoxide anion on endothelial dysfunction by attenuating 
physiological functions of NO in the cardiovascular system 
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1.2.5 Pathophysiological Effects ofROS 
Nowadays, the field o f research deals wi th the physiological and pathological roles of 
ROS is being extensively studied. These reactive species are detrimental as they may 
cause extensive damages to cellular structures and eventually cell death. On the other 
hand, they are reported to be essential regulatory mediators in many signalling processes 
beneficially.^ In the following, I am going to introduce some of the harmfiil/beneficial 
effects o f ROS one by one: 
1.2.5.1 Cellular iniury by l ipid peroxidation 
A major feature of ROS-induced cellular injury is the initiation of l ipid peroxidation due 
to the effect of ROS on L D L or polyunsaturated fatty acids.^^'^^ As a result, the membrane 
l ipid bilayer arrangement is disrupted which in turn affects its functional p r o p e r t i e s . 9 4 
Moreover, l ip id peroxidation has been found to produce cytotoxic and mutagenic 
products such as unsaturated aldehydes, malondialdehyde (MDA) and other 
metabolites94，95 which react with cellular macromolecules such as cellular proteins, 
carbohydrates, lipids and DNA, causing extensive damages to cellular structures and 
eventually cell death. 
1.2.5.2 Role of ROS in immune defence 
ROS produced by activated macrophages and neutrophils do not only act as a first line of 
defense to inactivate viruses and bacteria in the immune defence mechanism, but also act 
as a second messenger that amplifies the response of lymphocytes to (small amounts of) 
antigen. 
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1.2.5.3 Redox regulation o f cell adhesion 
Controlled changes in the adhesive properties of cells and tissues play an important role 
in many biological processes. Adhesion of leukocytes to endothelial cells in postcapillary 
venules, for example, is an early step in chronic inflammation and depends on the 
expression o f cell-surface receptors known as cell adhesion m o l e c u l e s ， C e l l adhesion 
molecules are also implicated in embryogenesis, cell growth, differentiation, and wound 
• 97 
repair. 
Some of the cell adhesion processes are found to be redox regulated. For example, the 
adherence of leukocytes to endothelial cells is induced by hydroxyl radicals generated 
from H2O2 within the ce l l , 
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1.2.6 Evidences from Clinical Studies of Oxidative Stress-Related 
Vascular Diseases 
The vascular endothelium is very susceptible to oxidative stress. A t high concentrations, 
the free radicals and their derivatives are hazardous and may damage all major cellular 
constituents in the cardiovascular system. A multitude of studies in experimental animals, 
together w i th clinical data, provide evidence that oxidative stress is involved in the 
pathogenesis o f many cardiovascular diseases, including hypercholesterolemia, 
hypertension, chronic renal failure, cardiomyopathies, cardiac hypertrophy, congestive 
• 10 13 39 
heart failure, ischemia/reperfusion injury and atherosclerosis.，， 
1.2.6.1 Hvperlipidaemia 
Since endothelial cells, smooth muscle cells, neutrophils and monocytes all have the 
potential to oxidatively modify LDL , which lead to the generation o f l ip id peroxidation 
products and ROS, it is not surprising that oxidative stress is increased in patients wi th 
famil ial hypercholesterolaemia. Nourooz-Zadeh et al^^ has demonstrated that 
hypercholesterolaemia is independently associated wi th increased an NADH-dependent 
superoxide production.^^'^^ 
1.2.6.2 Hypertension 
In the studies of hypertensive subjects, some studies show that the activity o f NAD(P)H 
oxidases was elevated, whereas levels/activity of anti-oxidant systems were decreased in 
some subjects. Among the latter, Redon et al. observed decreases in the activities of SOD 
and catalase, as well as an increase in the ratio of oxidized to reduced glutathione. 
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Whereas in most studies o f hypertensive subjects, an excessive release o f vascular 
superoxide was suggested to be the major factor leading to the development o f 
hypertension. lOG 
1.2.6.3 Chronic heart failure (CHF) 
CHF is a state characterized by a number o f processes that may promote ROS generation 
in vivo. These pro-oxidant pathways include cytokine activation/^^ mitochondrial 
dysfunct ion, 102 recurrent hypoxia reperfusion/^^ possibly genetic susceptibilities^^ and 
activation o f the reimin-angiotensin system/^^ There are a number o f potential cellular 
sources implicated in enhanced ROS generation in CHF. It has recently been 
demonstrated that CHF patients may have increased leucocyte superoxide production, 
which is, in turn, related to severity o f disease. Other sources of enhanced ROS 
generation in human CHF are the N A D P H oxidases presented in both the myocardium 
and peripheral blood vessels. 
1.2.6.4 Chronic renal failure (CRF) 
There is evidence that oxidative stress occurs early during the evolution o f CRF: the 
increased superoxide production in the vascular wal l seems to play an important 
pathogenetic role in the development of endothelial dysfunction and high blood pressure 
in CRF, whereas renal protection is observed in antioxidant treatments such as vitamin 
e159 or magnesium lithospermate B . ^ 
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1.2.6.5 Atherosclerosis 
Atherosclerosis is a multifactorial disease characterized by hardening and thickining of 
the arterial wall. The vascular areas affected by this disease contain mononuclear cells, 
proliferating smooth muscle cells, and extracellular matrix components. Atherosclerosis is 
commonly viewed as a chronic inflammatory disease and is associated with certain risk 
factors such as hyperlipidemia, diabetes, and hypertension.^ Excessive release of vascular 
superoxide or/and the reaction of superoxide with NO have been implicated in the 
development of atherosclerosis^ 
The invasion of the artery wall by monocytes and T lymphocytes is one of the earliest 
events in the development of atherosclerotic lesions. Monocytes, macrophages, and 
smooth muscle cells possess the so-called scavenger receptor for oxidized LDL. Binding 
of oxidized LDL leads to the activation of monocytes and macrophages and stimulates the 
expression of Mn-SOD, which in turn increases the concentration of hydrogen peroxide 
by perturbing the steady-state levels of ROS.i。7]。9 This process is associated with 
massive macrophage apoptosis and contributes thereby to the formation of the 
atherosclerotic lesions.”。，^ The process may be further enhanced by cytokines and other 
factors such as TNF, interleukin-1 P, angiotensin II, and interferon-f, which induce 
superoxide production by the membrane-bound NADPH oxidase in endothelial cells. 
25,112,113,114 
1.2.6.6 Ischemia/reperfusion (l/R) iniury 
Ischemia/reperfusion injury (I/R) is considered to occur during different clinical 
procedures, such as angioplasty, coronary bypass surgery, thrombolytic therapy and 
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cardiac transplantation, especially after a prolonged period of ischemia. It may also 
occur after myocardial infarction, platelet aggregation or collateral blood f low 
perfusion. 13 
Massive ROS production was identified as an important causative factor in I/R injury,93' 
97,118-121 in which ROS production by xanthine oxidase was implicated as a major source 
of oxidative stress in I /R, 
During the ischemic period, excessive ATP consumption leads to the accumulation of the 
purine catabolites hypoxanthine and xanthine. Upon subsequent reperfusion and influx of 
122 
oxygen, these substrates are metabolized by xanthine oxidase to yield a massive 
amount of superoxide and hydrogen peroxide. More recently, a Racl-regulated NAD(P)H 
oxidase distinct from the phagocytic NAD(P)H oxidase was also shown to be critically 
123 
involved in ROS production in a mouse model of hepatic I/R injury. 
The produced ROS in I/R injury usually associates with the occurrence of intracellular 
Ca2+-overload, which often promotes a development of subsequent acute and chronic 
heart failure such as dysrhythmias, myocardial cell damage and cardiac dysfunction. 
An experimental induction of I/R in the rat heart was found to be associated with the 
activation of the redox-responsive transcriptional factors, which may account for the 
inflammatory responses and apoptotic cell death in the affected tissue/^"^'^^^ 
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1.2.7 Role of Vascular Endothelium in Oxidative Stress 
The luminal (blood-contacting) surfaces of all blood vessels in the entire cardiovascular 
system are continuously lined by a monolayer of endothelial cells, which do not only 
serve as a physical barrier between bloodstream and vascular tissues, but also an unique 
organ that plays a key role in cardiovascular homeostasis, cellular proliferation, 
inflammation, immunity as well as vascular tone regulation. As the vascular endothelium 
is an organ that contacts blood most directly, it is very susceptible to oxidative stress. And, 
endothelial dysfunction has been implicated in many oxidative stress-induced-
cardiovascular diseases such as atherosclerosis, ischemia reperfusion injury and 
hypertension. 
1.2.8 Role of Ca2+ in oxidative stress in cardiovascular system 
Intracellular Ca^^ is an important second messenger in various cells. It is believed that 
most of the initial responses of endothelial cells to hormonal and physical stimuli depend 
to various extents on changes in intracellular Ca^^ concentration. ^ ^^  
Redox regulation of Ca^^-entry pathways appears as a crucial determinant of the cellular 
response to oxidative stress. ^ ^^  The deleterious effects of oxidative stress become evident 
upon the occurrence of intracellular Ca^^-overload subsequent to the interaction of ROS 
with subcellular organelles, such as sarcolemmal, sarcoplasmic reticular, mitochondria 
and nucleus. 13 
Accumulating evidence indicates that many functional abnormalities in the 
cardiovascular system induced by modification of redox state are preceded by ROS-
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induced elevation of intracellular Ca^^ concentration For example, oxidative 
stress can be seen to promote the entry of Ca into vascular myocytes and thus may 
stimulate neointimal hyperplasia for the occurrence of atherosclerosis as well as 
• 2 + » vasoconstriction for the development of hypertension. Ca -overload is also observed to 
produce myocardial cell damage in cardiomyopathic and ischemic-reperfused hearts. The 
intracellular Ca^^-overload as a consequence of oxidative stress may also play a crucial 
role in the transition of cardiac hypertrophy to heart failure/^ 
Since endothelium is so susceptible to oxidative stress, and endothelial dysfunction 
implicated in many oxidative-stress-induced cardiovascular diseases depend to various 
extents on changes in intracellular calcium concentration, detail knowledge in the 
interaction of ROS with intracellular calcium homeostasis in endothelial cells is crucial 
for the understanding of the development and progression of cardiovascular diseases 
induced by oxidative stress. 
1.2.8.1 Calcium Signalling in Vascular Endothelial Cells 
Ca2+ channel was reported to be a typical target of ROS/RNS signaling which mediates 
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both long-term as well as acute cellular responses to oxidative stress. 
2+ 
In endothelial cells, intracellular calcium level can be elevated in 2 ways: Ca influx 
from the extracellular space across the plasma membrane or Ca release from the 
internal calcium stores. 
Endoplasmic reticulum (ER) is the main intracellular calcium stores in non-excitable 
cells. In endothelial cells, ER is responsible for approximately 75% of the total 
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intracellular Ca reserve. Ca release from ER is often triggered by the binding of 
inositol 1,4,5-trisphosphate (IP3) to IP3 receptors on ER, in which IP3 is generated from 
hydrolysis o f phosphatidylinositol-4，5-diphosphate (PIP2) by G protein-activated-
phospholipase C (PLC).^^^'^^^ 
In excitable cells, such as nerve cells, voltage gated Ca^^ channels account for most o f the 
Ca2+ influx pathway. While in non-excitable cells, voltage gated Ca】— channels are not 
o丄 
expressed. Numerous Ca influx mechanisms in non-excitable cells have been postulated, 
2+ 2+ which can be categorized into store-dependent Ca entry and store-independent Ca 
o丄 o 1 
entry. In the store-dependent Ca entry pathway, Ca channels located on the plasma 
membrane are activated by the Ca^^-depleted state in the internal calcium stores. While in 
the store-independent Ca〗. entry pathway, Ca^^ channels can be activated by agonist-
126 128 
binding, mechanical force and cellular redox state e t c . , 
1.2.9 ROS effect on endothelial Ca^ ^ 
The endothelium in vivo may be exposed to oxidant stress resulting from ischemia and 
reperfusion or from the products of activated polymorphonueclear leukocytes (PMNs) or 
monocytes. The endogenous oxidant, hydrogen peroxide, has been shown to affect 
endothelium-dependent relaxation, decrease endothelial energy stores, induce DNA 
strand breaks, enhance PMN/endothelial cell adhesion, increase endothelial permeability, 
and stimulate the release of prostaglandin I2 from the endothelium. Many of these studies 
have shown a good correlation of these morphological or functional modifications with 
the effect of ROS (superoxide anion, H2O2 and hydroxyl radical etc.) on cellular Ca^^ 
homeostasis in endothelium. 
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Potential sources of ROS in vivo have been introduced in the previous sections. For in 
vitro experiments, oxidative stress can be introduced either by the direct application of 
1 OQ 
oxidants, such as H2O2, organic peroxides, or through the continuous generation of 
superoxide^^^ or H2O2 ^^ ^ in enzymatic systems. In one of the most widely used models, 
oxidative stress is introduced by applying XO together with x a n t h i n e , ! 32-134 
Hx,i30,i35,i36or acetaldehydei37 to reduce molecular oxygen. The reaction yields 
superoxide as a primary product, which may spontaneously or enzymatically dismutate 
into H2O2. In the presence of catalysts, such as iron, superoxide and H2O2 may interact to 
form hydroxyl radical. The HX-XO system is also one of the methods used in the present 
study to generate superoxide and H2O2. 
XO-derived HiOi,^^^ and t-butyl-hydroperoxide have been shown to induce 
large increases in cytosolic free Ca^^ in cultured endothelial cells, with time courses of 
the [Ca2+]i changes varying considerably with different oxidants. 
1.2.9.1 Multiple targets of ROS on intracellular Ca mobilization 
It was found that ROS could target on multiple sites in Ca^^ mobilization inside 
endothelial cells. These targets include plasma membrane channels, IPs-sensitive 
intracellular stores, ryanodine receptor-mediated 
channels, smooth endoplasmic 
reticulum Ca^^-ATPase (SERCA), mitochondrial stores, NaVCa^^ exchangers and 
intracellular pathways such as arachidonic acid metabolism and PLC dependent signal 
tonsduction.140,141 
However, the mechanisms of ROS-evoked Ca〗. homeostasis in endothelium reported by 
different investigators show a great discrepancy. (Table 2) For example, the oxidant 
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species involved in the Ca movement evoked by HX-XO in endothelial cells suggested 
by different investigators were different. While Dreher D et al. demonstrated that SOD, 
catalase, as wel l as o-phenanthroline could reduce the Ca^^ response to HX-XO in human 
umbilical vein endothelial cells, indicating that Oi* ' , H2O2 and •OH were all responsible 
for the observed Ca movement, Azma et al. reported that the Ca movement provoked 
by X -XO in porcine aortic endothelial cells was a result o f H2O2 and •OH instead of Oi*". 
On the other hand, Volk T et al. reported that HX-XO provoked-Ca^^ signalling was 
resulted from H2O2 instead of O2•“ and •OH in human umbilical vein endothelial cells 
and rat liver macrovascular endothelial cells. 
1.2.9.2 Reports of H^O^-mduced Ca〗— release in various cell types 
H2O2 was reported to induce release in various cell types. However, the internal 
，I 
sources attribute to the HiOi-induced Ca release was, again, found to be different in 
different studies. Some investigators suggested that H2O2 inhibited the plasma membrane 
Ca^^-ATPase (PMCA) activity, provoked mitochondrial Ca^^ release, induced Ca^^ 
release from endoplasmic reticulum via IP3 sensitization and SERCA inactivation in 
human platelets, murine pancreatic acinar cells and bata c e l l s . i42-i44 On the contrary, 
2+ 
some other studies showed that H2O2 did not cause mitochondrial Ca release in skeletal 
muscles, smooth muscles and cardiac-derived f i b r o b l a s t s . i45-i47 xhe discrepancy might be 
2 1 • 
explained by the idiosyncrasy of different cell types. In endothelium, Ca release in 
response to ROS was reported mainly contributed by the although the 
underlying mechanisms suggested in different studies were still controversial. 
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1.2.9.3 Reported effects o f H202_on agonist-induced Ca^^ signal 
In addition to increasing cytosolic free Ca^^ by Ca^^ release from internal stores and Ca2+ 
influx through ion channels, ROS may also play a role in Ca response stimulated by 
agonists such as bradykinin (BK), thapsigargin (TG), histamine and ATP in endothelium. 
While some studies showed that O2•“ increased endothelial Ca】. release and store-
operated Ca2+ influx in response to B K and ATP;^^^ some other studies reported that 02*' 
and H2O2 attenuated Ca "^^  response induced by ATP and B K in endothelial cells^^^'^^^ and 
the others reported that H2O2 had no effect on ATP- or histamine-induced Ca^^ 
responsei49 in endothelium. The discrepancy might be explained by different 
concentrations of oxidants being generated from different conditions in different studies. 
As these agonists-induced Ca^^ responses correlated directly with cellular functions, such 
as secretion of EDRFs^^^'^^^ and endothelium-dependent vascular relaxation, the 
disruption of the Ca】. homeostasis by ROS may induce or enhance endothelial cell 
damage in oxidative stress. 
1.2.9.4 Differences between macrovessels and microvessels 
Although there has been a great deal of attention focusing on the mechanisms involved in 
Ca2+ mobilization in response to changes in the redox state in endothelium, most of these 
studies are focusing on the effect of ROS in macrovessels and the role of different ROS 
in their effects on 
[Ca2+]i in endothelium derived from microvessels has not been 
extensively clarified yet. 
Microvessels are important in controlling blood pressure. Furthermore, many vasoactive 
factors in microvessels are very different from that in large vessels. For example, 
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vasodilatation in large vessels is mainly dependent on nitric oxide, and the data 
suggesting H2O2 as an EDHF were mostly generated from microvessels, which had less 
NOS activity and more H2O2 involvement. 
Moreover, as shown previously, the available data suggesting the effect of different 
oxidants on endothelial Ca^^ mobilization are quite controversial and might be quite 
diff icult for comparison as different concentrations of oxidants were used in different 
cellular models in these studies. Therefore, in the present study, we sought to expand our 
understanding of the mechanisms underlying ROS-induced mobilization in 
endothelial cells derived from microvessels in murine heart. 
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(Table 2) 
A u t h o r s C e l l type Oxidant ROS Effect 
generating 
system 
Redondo PC Human platelets Direct V H2O2 H2O2 induces Ca^^ release from agonist-sensitive 
2004 application (ImM) pool 
Biochem • Mediated by both, IP3R sensitization (because 
Pharmacol XeC reduced the Cd^^ release) and SERCA 
67:491 inactivation (by oxidation of sulphydryl 
groups in SERCA) 
• Independent of IP3 generation (because 
U73122 did not modify the Ca^^ release) 
H2O2 induces Ca + release from mitochondria by 
different mechanisms 
H2O2 inhibites the PMCA activity by different 
mechanisms 
Redondo PC Human platelets Direct V H2O2 (10uM-5mM) H2O2 results in a concentration-
2004 application dependent increase in Ca^^ release from 
Biochem intracellular stores 
Pharmacol Low H2O2 concentration (lO-lOOuM) induces Ca + 
67:1065 release and subsequent SOC 
ImM H2O2 reduces SOC induced by agonists 
• Mediated by an abnormal actin reorganization 
pattern involving both Ras- and tyrosine 
kinases-dependent pathways 
Quoated Murine ~ ~ H2O2 induces Ca^^ release from agonist-sensitive 
from pancreatic acinar stores 
Redondo PC cells H2O2 induces Ca release from mitochondrial stores 
2004 Murine H2O2 inhibites PMCA activity 
Biochem pancreatic beta-
Pharmacol cells 
； 6 7 : 4 9 1 
；Quoted from skeletal muscle; -- -- H2O2 does not induce Ca^^ release from 
‘Redondo PC smooth muscle mitochondrial stores 
I 2004 cells; 
;Biochem cardiac-derived 
丨 Pharmacol fibroblasts 
: 6 7 : 4 9 1 
[Tomquist K Thyroid FRTL-5 Direct V H2O2 H2O2 attenuates store-operated calcium entry 
j 2000 cells application (300uM) evoked by thapsigargin. 
• apparently mediated via PKC 
I H2O2 itself did not modulate basal [Ca^^Ji 
TCubista H DT40 chicken Direct V H2O2 HaCVinduces [Ca^^Ji elevation 
1998 B-cells application (3.5mM) • Ca^^ release from TG-sensitive stores (ER) as 
well as TG-insensitive source (possibly 
mitochondria or plasma membrane). 
Ca responses induced by high concentration of 
H2O2 in DT40 cells are known to involve PTKs, 







A u t h ^ ^ ^ Cell type Oxidant ROS Effect 
generating 
system 
AzmaT Porcine aortic HX-XO H2O2 HX-XO response in Ca^^ release from TG-
endothelial cells (lOOuM; •OH sensitive Ca^^ stores (responsible for initial 
20mU/ml) [Ca^^Ji) and Ca^^ influx (principal source of Ca^^ 
X 02.- movement) 
• 02*' influx through anion channel on cell 
membrane is responsible (because anion 
channel blocker, DIDS, potently inhibits the 
Ca2+ response) 
• 02*" is not directly involved in Ca^^ 
mobilization (because catalase completely 
abolishes the response) 
• H2O2 is involved 
• •OH is involved (because 0-phenanthroline, 
DMPO and •OH scavenger partially blocks 
the response) 
Graier WF Cultured porcine HX/XO V Low [O2•“] O2•“ increases intracellular Ca^^ release and SOC 
et al. 1998 aortic (150uU/ml; in response to bradykinin and ATP in a time- and 
endothelial cells ImM) concentration-dependent manner. 
• BK (1 OOnM); ATP (1 OOuM) are used 
• This effect of HX/XO is abolished by SOD 
• Might be due to enhanced IP3 generation 
Kimura C, Bovine aortic Acute glucose O 2 O 2 • “ diminished ATP-induced Ca^^ oscillation 
Oike M et al endothelial cells overload (3hr) through the impairment of Ca^^ homeostasis 
Circ Res. • The Ca^^ response can be abolished by SOD 
1998 • Ca2+ oscillation has been considered to 
82:677-685 correlate directly to cellular functions, such as 
secretion of EDRFs 
HuQ Human aortic Direct V H2O2 lOOM-lmM H2O2 induces intracellular Ca^^ 
Circulation endothelial cells application oscillations from ER in a concentration-dependent 
1998 manner 
• Data shows that this range of [H2O2] did not 
stimulate IP3 production. Therefore, it is 
suggested that the effect was resulted from 
inhibitory effect on SERCA on ER. 
"hUQ Human aortic NADPH V H2O2 NADPH produces H2O2 or direct application of 
JBC endothelial cells oxidase micromolar level of H2O2 increases the sensitivity 
275 ： 15749- of intracellular Ca^^ stores to IP3 
_ 15757 
Wesson DE Calf p u l m o n a r y H X - X O V H2O2 HX/XO increases [Ca+]i in a time and dose 
artery (0.5mM; dependent manner 
endothelial cells 50mU/ml) HX/XO inhibites Ca^ "" release and Ca^^ influx 
stimulated by bradykinin in a time and dose-
dependent maimer 
• HX/XO incubation for 1.5 hr or longer 
eliminates responsiveness to agonist 
• H2O2 is the involved oxidant, whereas O2•“ is 
not involved (because SOD tends to potentiate 
the inhibitory effect, whereas catalase 
provides almost complete protection during an 
incubation period of 0.5 hr) 
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Authors^^ Cell type Oxidant ROS Effect 
generating 
system 
Doan TN Canine venous Direct V H2O2 H2O2 increases [Ca^^l 
1994 endothelial cells application (1 OmM) • Contributed by both Ca^^ release and Ca^^ 
Biochem J influx 
297:209-215 H2O2 treatment eliminates Ca^^ response to 
subsequent addition of lOOuM ATP 
• Inhibition of Ca^^ release from internal stores 
during agonist stimulation is related to 
inhibition of IP3 production rather than 
depletion of internal Ca^^ stores. 
• Incubation of arterial endothelial cells with t-
buOOH (t-butyl hydroperoxide) inhibits 
bradykinin-stimulated Ca^ "^  signalling in a 
time-dependent manner. 
VolkT 1997 Rat liver Low dose of V H2O2 (Low Non-toxic H2O2 causes Ca^^ signaling from IP3-
macrovascular HX/XO doses that proved sensitive stores and subsequent Ca^^ influx 
endothelial cells (2mU/ml) to be non-toxic) • apparently via IP3 production 
Human or direct • O2•“ is not involved (SOD did not alter the 
umbilical vein application of Ca^^ change) 
endothelial cells H2O2 (at least • •OH is not involved (o-phenanthroline did not 
500uM) alter the Ca^^ change) 
(This is in contrast to results presented by 
Dreher et al.. Whether these differences are 
due to different cells under different 
conditions of incubation is not known and can 
only be speculated on.) 
H2O2 added directly is able to induce similar Ca^^ 
transient when concentrations of at least 500uM 
are used. 
• Similar to my result, U73122 effectively 
reduced HzCVinduced-emptying of 
intracellular stores. 
H2O2 activates SOC at least partially via PLC 
activation 
HX/XO (2mU/ml) does not alter responses 
to receptor mediated signaling of known agonists 
like ATP or histamine 
• Contrasts to the reported inhibition of signal 
transduction by H2O2 [Wesson DE, Doan TN]. 
This difference may be explained by at least 




^ u t h ^ ~ Cell type Oxidant ROS Effect 
generating 
system 
" D r e h ^ Human HX-XO HX-XO results in [Ca^^JI rise 
umbilical vein (1 Onmol O2•“ H2O2 • O2•‘ is involved (because SOD reduced the 
endothelial cells /ml/min) .OH response) 
• H2O2 is effectively involved (because catalase 
reduced the response) 
• •OH also partially involves (because o-
phenanthroline partially reduced the response) 
Prolonged exposure to high doses of H2O2 in the 
millimolar range results in a second, progressive 
[Ca2+]i increase. A similar late progressive Ca^^ 
rise was found by Geeraerts et al. (1991) in 
HUVEC exposed to high dose of xanthine-XO for 
over 30 min. This rise occurred at a time 
when most of the superoxide production had 
ceased and was therefore most probably due to the 
direct effect of the accumulated H2O2. (Similar to 
my slow response in H2O2 experiment) 
Kimura C Bovine brain Hypoxia/ V 02*" Hypoxia for 6 hr and subsequent reoxygenation for 
microvascular reoxygenation 45 min eliminates the 1 OuM ATP-induced Ca^^ 
endothelial cells oscillations. 
• O2•‘ is responsible (because SOD removed the 
inhibitory effect) 
Hypoxia/reoxygenation inhibites TG-evoked Ca + 
leak from internal stores 
• 02*" is not responsible (because SOD did not 
restore the inhibitory effect), indicating that 
these alterations of Ca^^ mobilization induced 
by H/R are induced by a mechanism other 
than 02*')-
• Since TG induces complete store depletion 
(30 of Kimura), the reduced Ca^^ leak induced 
by TG will reflect a partial depletion of 
internal Ca^^ stores by 
Hypoxia/reoxygenation. (similar to my 
finding that H2O2 induced store depletion after 
a period of incubation) 
Zhu L Venular ROS generated V O2•“ fMLP-stimuIates neutrophils induced transient 
microvascular by fMLP- rise in microvascular endothelium 
endothelium stimulated • 02*" is responsible (because SOD reduced the 
derived from rat neutrophils Ca^^ rise) 
messenteries • The role of other ROS has not been examined 
fMLP-stimulated neutrophils also increases the 
microvessel permeability in the absence of 
leukocyte adhesion 
• Taken together, microvessel permeability are 
directly linked with the release of ROS from 
activated neutrophils 
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^ u t h ^ C e l l type Oxidant ROS Effect 
generating 
system 
" f inge r - Bovine Direct V H2O2 H2O2 induces an immediate rise in and Ca^^ 
Bimboim A pulmonary application (lOOuM) leaks in the endothelial plasmalemmal membrane. 
microvascular • The rise in might be elicited by IP3 
endothelial cells generation 
H2O2 increases endothelial permeability to 1251-
albumin after PMN activation with phorbol esters, 
indicating an important entry of Ca^^ by activating 
agonist-sensitive Ca^^- influx pathways identical to 
those activated by inflammatory mediators, (i.e. 
The critical [Ca^^Ji rise produced by H2O2 was 
shown to be a critical determinant of the increase 
in endothelial permeability) 
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1.3 TRP Channel 
Recently, some members o f Transient Receptor Potential (TRP) channels, which are a 
large family o f non-selective cation channels located on the plasma membrane, have been 
recognized to serve as redox sensors in the vascular endothelium. ^ ^^  
1.3.1 Discovery of Drosophila TRP 
TRP channel proteins are designated as TRP because of a spontaneously occurring 
Drosophila melanogaster mutant lacking TRP that responded to a continuous light wi th a 
transient receptor potential (hence TRP). The first report that TRP-related proteins might 
also be found outside invertebrate photoreceptor came from Petersen et aL,i54 who 
identified partial sequences of TRP homologs from Xenopus oocyte and murine brain 
cDNA libraries. Shortly thereafter, the first complete coding sequence of a human 
homolog was reported fol lowing homology searches of EST databases/^^'^^^ Meanwhile, 
a large number o f vertebrate TRP homologs have been cloned and sequenced. ^ ^^  
1.3.2 Mammalian TRP subfamily 
Tremendous advances in recent years have resulted in isolation of more than 30 unique 
mammalian TRP homologs from human, mouse, rat, rabbit and bovine.^^^'^^^ TRP 
channels, which are non-selective cationic channels, are expressed in many tissues and 
cell types, either specifically or ubiquitously expressed in excitable and non-excitable 
cells. These mammalian TRP homologs have been divided into seven subfamilies: 
canonical TRPC, vanilloid TRPV, melastatin TRPM, polycystin TRPP, mucolipin 
TRPML, ankyrin transmembrane proteins TRPA and NOMPC-like TRPN”8，i59 xhe 
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functional TRP channels are believed to be composed o f four subunits.^^^ Their non-
selective cationic nature makes them serve as depolarizing agents, while their 
permeability to Ca^^ makes them serve as transducers leading to elevation.^^^ 
In addition to the responses to light, TRPs mediate diverse signalling pathways, for 
responses to nerve growth factor, pheromones, olfaction, mechanical, chemical, 
temperature, pH, osmolarity, vasorelaxation o f blood vessels, and metabolic stress etc.^^^ 
The gating mechanisms and/or modulating agents that activate and inactivate different 
TRP members can be very different.161 There can be more than one mechanism to 
activate/inactivate a particular TRP member. Therefore, the regulatory mechanisms o f 
different members in the TRP family still remain to be explored. 
1.3.3 General topology of TRP channel 
With the exception of some polycystins, all TRPs possess six transmembrane segments 
(TMS) and a pore region between TMS5 and TMS6. The charged residues in the putative 
TMS4 helix, which usually underlie voltage gating in voltage-gated channels, are not 
present in TRP. N-terminal cytoplasmic domain of TRPC, TRPV, and TRPA channels 
contains ankyrin repeats, which are thought to play key roles in protein-protein 
interactions.i58，i62,i63 t r p C and TRPM contain proline-rich domains in the cytosolic C-
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Fig 3: The general transmembrane topology of members of the TRP superfamily 
The protein sequence consists of six transmembrane domains (S1-S6) that are linked by 
short extracellular or intracellular loops and a hydrophobic pore region found between S5 
and S6 segments. The charged residues in the S4 segment that usually underlies voltage 
gating are replaced by non-charged residues. In cytosolic N - and C-terminal, there are 
some domains such as ankyrin binding repeats (A) and PDZ binding motifs for protein-
protein interactions. The length of the N - and C-terminal tails as well as the number of 
ankyrin binding repeats vary significantly between different members of the TRP 
superfamily. 
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1.3.4 Interactions of oxidative stress with TRP channels 
There are at least four TRP channels, T R P M 】 ^ - ^ ^nd TRPM7, 
are known to be activated by oxidative stress. A l l these four channels are expressed in 
endothelial cells (confirmed by RT-PCR, Western blot, immunohistochemistry or 
immunostaining etc. in endothelial cells of different species including human). Therefore, 
these ROS-sensitive endothelial TRP channels may act as sensors for oxidative stress in 
the vascular system. Also, targeted down-regulation of these channels may protect 
endothelial cells from oxidative stress-induced cell injury. 
1.3.5 The role of TRPC3 and TRPC4 in oxidative stress 
The most intensively studied TRP subfamily is the TRPC subfamily, which consists of 
seven different members. In experiments with TRPC species over-expressed in HEK293 
cells, over-expression of TRPC3 and TRPC4 were found to promote redox sensitive 
cation conductance, which suggest their role in the linkage between redox state and Ca^^ 
homeostasis in endothelium. In experiment with TRPC3 activation by peroxides, it 
appears that ROS activates TRPC3 via promotion of protein tyrosine phosphorylation and 
the stimulation of PLC activity. ^ ^^  
1.3.6 TRPM subfamily 
TRPM subfamily consists of eight members (TRPMl-8). The C-terminal sequences of 
the TRPM family vary in length and structure. Two TRPM members, (TRPM2 and 
TRPM7), are known to be activated by oxidative stress. ^ ^^  As TRPM2 is the targeted TRP 
channel in my project, the following wi l l be focusing on this channel only. 
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1.3.6.1 Expression o fTRPM2 
Expression of TRPM2 was initially found in human brain, particularly in hippocampus, 
cerebral cortex, thalamus, midbrain, occipital pole, frontal lobe, amygdala, caudate 
nucleus, and putamen/^^'^^^ Within the immune system, TRPM2 has been detected in 
abundance in cells of the monocytic lineage, including various cultured macrophage cell 
lines, peripheral blood monocytes and neutrophils/^^'^^^ RT-PCR detected TRPM2 
expression in many other tissues, including bone marrow, lung, spleen, heart, leukocytes, 
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liver, lung and eye. This channel was also found to be expressed abundantly in 
peripheral blood, and in some blood cell l i n e s T h e widely distribution of TRPM2 in 
different cell types suggests that observations made regarding its function may be 
applicable to a wide range of tissues/^^ 
1.3.6.2 Dual Role of TRPM2—Channel and Enzyme 
TRPM2 is a nonselective cation channel that appears to permit equal permeation of Ca�.， 
Na+, K+ and Cs+, with little selectivity between univalent and bivalent cations. Apart from 
being a Ca^^ permeable ion channel, TRPM2 also bears an enzymatic role in ADP-ribose 
hydrolysis in its nucleoside diphosphatase d o m a i n . 174 
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1.3.6.3 Regulatory mechanisms of TRPM2 
There are 3 suggested different regulatory mechanisms of TRPM2: 
1.3.6.3.1 ADP-ribose (ADPR) directly regulating mechanism 
A Nudix box in the C terminus of TRPM2 is homologous to an ADP-ribose- degrading 
pyrophosphatase, NUDT9, although the enzymatic activity o f the Nudix box is much 
lower than NUDT9. The Nudix box in the C terminus has been suggested to be a 
regulatory binding site of ADPR, in which ADPR serves as a novel second messenger 
that directly regulate TRPM2 gating. Since ADPR production is increased in oxidative 
stress, this may be a mechanism through which H2O2 regulates TRPM2. 1 乃 
1.3.6.3.2 N A D regulating mechanism 
Other publications have demonstrated the regulatory role o f nicotinamide adenine 
dinucleotide (NAD) in TRPM2 activation. Some of which suggest that N A D activates 
TRPM2 directly by an agonistic binding of N A D to a MutT mot i f of 
whereas some suggest that it is an indirect regulatory mechanism through the metabolism 
of N A D into ADPR. 173174 
1.3.6.3.3 Oxidative stress regulating mechanism independent of ADPR or N A D 
It has been shown that H2O2 (at micromolar levels) and other agents that produce 
ROS/RNS, but not ADPR or NAD, were able to stimulate Ca〗. influx through a TRPM2 
mutant with a small deletion in the C terminus. These data suggest that H2O2 and 
oxidative stress can mediate Ca influx through a third mechanism independent of 
ADPR orNAD.i75，i76 
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No matter which regulatory mechanisms, all o f these support the important role of 
TRPM2 as a redox-sensor in oxidative stress. It is because the intracellular concentrations 
o f N A D and, consequently of its metabolites ADPR, may be increased when the redox 
potential o f the cell is altered such that the equilibrium of N A D to N A D H is shifted in 
favor of NAD.174 
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1.4 Cell Death Induced by Oxidative Stress 
1.4.1 Redox status as a factor to determine cell death 
The redox status of a cell is a factor that determines cellular functions. It also serves as a 
switch between apoptotic cell death, differentiation or proliferation/'^'^^^ Changes in 
redox status has been reported to induce necrotic/apoptotic processes in reperfusion 
injury during ischemia, degenerative diseases, and normal cellular functions/ 
Moreover, in acute insults such as hypoxia-ischemia, it has been proposed that the ROS-
induced resultant cell fate (necrosis, apoptosis, or survival) is dependent on an 
I 1 O A ^ ^ 
intracellular "Ca set-point". As TRPM2 has been reported to serve as a redox sensor 
in endothelium, it may be interesting to investigate the role of TRPM2 in oxidative stress-
induced cell death in cardiovascular system. 
1.4.2 Role of TRPM2 in oxidative stress-induced cell death 
Activation of TRPM2 by oxidative stress, high concentration of H2O2, or TNF a results 
in Ca2+ influx and susceptibility to cell death. Furthermore, suppression of endogenous 
TRPM2 protein expression by antisense oligonucleotides in rat insulinoma RIN-5F cells 
or monocyte U937 cells resulted in significantly diminished Ca^^ influx and cell death 
induced by oxidative stress or TNF a}^^ A l l of these suggest that TRPM2 is likely to be 
an important intrinsic mechanism that mediates Ca^^ overload in response to disturbance 
of redox state in cell death. 
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1.5 Aims of the Study 
In the present study, we firstly attempted to examine the effect of ROS (02*' and H2O2) 
on the Ca2+ mobilization in endothelial cells derived from micro vessels. The second step 
was to study the functional role of TRPM2 in the observed [Ca ]i rise in response to 
H2O2. The effect o f prolonged exposure of H2O2 on H5V cell death was then examined. 
Lastly, expression patterns of TRPM2 in different human tissues were investigated. 
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Chapter 2: Materials and Methods 
2.1 Functional Characterization of TRPM2 by Antisense Technique 
The functional characterization o f TRPM2 channels was performed by antisense 
technique by my colleague Catherine Leung. This technique was used previously by other 
groups to determine the role of TRPC channels in store-operated Ca〗— influx in HEK293 
c e l l s . 150，181 Short cDNA sequences wi th size 555 bp was cloned from TRPM2 isoform. 
For antisense (AS) constructs, the TRPM2 gene fragments were subcloned in negative 
orientation downstream o f the C M V promoter o f a mammalian expression vector, 
pcDNA3 (Invitrogen). Each antisense construct has its sense control, which was 
subcloned downstream o f the C M V promoter of pcDNA vector. The antisense or sense 
constructs were stably transfected into mouse heart microvascular endothelial (H5V) cells. 
2.1.1 Restriction Enzyme Digestion 
Restriction enzyme digestion strategy was used to release the cloned TRPM2 fragment. 
The procedures used to release the sense and antisense TRPM2 constructs from KS(+) 
vector (Invitrogen) was shown in Table 3. Digested samples were separated on a 1% 
agarose gel (Invitrogen) containing ethidium bromide (Invitrogen) in TAE buffer (40 m M 
Tris, 20 m M sodium acetate, I m M EDTA, pH 7.4) by electrophoresis. Bands with correct 
size, as determined by comparison with DNA molecular weight markers (Invitrogen), 
were excised out by razor blade. 
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Table 3: Conditions for restriction enzyme digestion for antisense and sense 
constructs 
Name Acc. N o . L o c a t i o n Size (bp) First Cut * Second Cut* 
TRPM2AS N M _ 0 0 3 3 0 7 3 0 1 1 - 3 5 6 5 ^ X ^ E ^ I 
TRPM2S NM_003307 3011-3565 555 Hind III EcoRI 
* Reactions were incubated at 37 for 1 hour. AS: The cDNA fragments of TRPM2 
isoforms were subcloned in negative orientation downstream of the CMV promoter o f the 
expression plasmid, pcDNA3. S: The cDNA fragments of TRPM2 isotorms were 
subcloned in sense orientation downstream of the CMV promoter in pcDNA3. 
2.1.2 Purification of Released Inserts and Cut pcDNA3 Vectors 
Complementary D N A fragments were purified from agarose gels using GeneClean I I K i t 
(Bio 101) according to the manufacturer's protocol. One mil l i l i tre of sodium iodide 
solution was added to the excised agarose gel with desired D N A band and was incubated 
at 55 for 5 minutes until the gel was completely dissolved. Three microlitres of 
GLASSMILK silica matrix stock suspension was added into the mixture soluton. The 
reaction mixture was kept in an ice bath and was constantly agitated for 1 hour to allow 
DNA binding to the GLASSMILK beads. GLASSMILK beads were then separated from 
the reaction mixture by a brief centrifugation. The supernatant was discarded and the 
GLASSMILK beads pellet was washed 3 times with NEW WASH SOLUTION from the 
kit. The pellet was resuspended in 20 |li1 of autoclaved nanopure water and was incubated 
at 55 for 10 minutes to allow DNA elution. The suspension mixture was spun down 
and the supernatant was collected and stored at -20 
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2.1.3 Ligation of TRPM2 Genes into Mammalian Vector, pcDNA3 
The ligation reaction mixture of 10 j i l final volume consisted of IXT4 D N A Ligase Buffer 
(Invitrogen), pcDNA3 vector and TRPM2 insert wi th appropriate cut(s) as well as l U of 
T4 D N A Ligase Buffer (Invitrogen). The amount of pcDNA3 vector and insert added was 
determined according to the ratio of their sizes. The desired D N A concentration for 
ligation reaction is 20-25 ng/)al. The reaction was performed at 16°C overnight and the 
reaction mixture was then kept in an ice bath before transformation. 
2.1.4 Transformation for the Desired Clones 
Transformation was performed using a standard protocol from our lab. In brief, 5-10 j i l o f 
ligation mixture was added to 100 |iil i f DH5a competent cells. The mixture was then 
incubated in ice for 30 minutes allowing the plasmid DNA to attach to cell surface of the 
competent cells. The mixture was heat-shocked at 42 for 40 seconds and immediately 
chilled on ice for 2 minutes. The competent cells mixture was subsequently inoculated in 
1 ml LB medium at 37 for 1 hour with agitation 15,250rpm to allow cells to grow. The 
inoculant was then centrifiiged at 13,200 rpm for 5 minutes and the cell pellet was re-
suspended in 100 1^1 LB broth. The suspension was spread evenly on a pre-warmed agar 
plate containing 50 )ig/ml ampicillin (Sigma). The plate was incubated at 37°C overnight 
allowing colonies growth. Colonies on the transformed plates were picked in the next day 
by sterilized pipettes tips. Each colony was inoculated in 10 ml LB broth containing 50 
|ag/ml ampicillin at 37 overnight with agitation at 250 rpm for cell growth. Five 
hundred microlitres of the inoculant was transferred to a sterile 1.5 ml vial containing 
equal volume of 80% glycerol (Sigma). The glycerol mixture was thoroughly vortexed 
and kept at -70 °C for long-term storage. 
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2.1.5 Plasmid DNA Preparation for Transfection 
The plasmid D N A was extracted from the bacterial inoculant by QIAGEN MINIPREP kit 
according to the manufacturer's protocol. Inoculants containing bacterial clones were 
centrifuged at 3,000 rpm for 15 minutes. Pellets were resuspended in 250 |li1 of Solution 1 
with RNase A and transferred to labelled 1.5 ml vials. Two hundred and f i f ty microlitres 
of Solution 2 was added to the suspension. After inverting up and down for several times, 
the suspension was left at room temperature for 5 minutes allowing complete alkali 
denaturation. Three hundred and f i f ty microlitres of Solution 3 was then added and mixed 
by inverting up and down to neutralize the reaction mixture. The mixture was spun down 
at 13,200 rpm for 10 minutes and the supernatant was run through the spin column by 
centrifugation at 13,200 rpm for 1 minute. The f low through was discarded and the spin 
column was rinsed by 750 j j l o f PE solution. In order to elute out the plasmid DNA, 50 |li1 
of double distilled water was added to the spin column and incubated at room 
temperature for 1 minute. The plasmid D N A solution was collected to a new sterilized 1.5 
ml vial by centrifugation and stored at -20 until use. 
2.1.6 Confirmation of the Clones 
Restriction enzyme cutting and PCR strategies were used to check whether selected 
clones contained the desired DNA fragments as well as their orientation. 
2.1.6.1 Restriction Enzymes Strategy 
The plasmid DNA was checked by restriction enzyme digestion by several different ways. 
First, we would test whether desired DNA fragment could be released from the cloning 
53 
vector by restriction digestion. Second, I would examine whether the cloned inserts 
contained an expected restriction site. By comparing the position of this restriction site in 
relative to other restrictions sties located in cloning vector, the orientation o f the inserts 
could be determined. The restriction enzyme digestion reaction mixture consisted of 
plasmid D N A solution, 10 U selected restriction enzyme(s) (Invitrogen) and 1 x reaction 
buffer for the selected enzyme(s). The reaction mixture was incubated at the optimal 
temperature that is desired for the selected enzyme(s) and was then separated by 
electrophoresis on a 1% agarose gel. The molecular size of the digested fragment(s) was 
compared wi th the molecular marker (Invitrogen). The uncut plasmid D N A was also 
loaded on the gel as control. 
2.1.6.2 Polymerase Chain Reaction (PGR) Check 
For a faster check, PCR strategy was used. In short, the selected clone was directly 
picked from the transformed plate to a 0.5 ml vial containing 100 j i l o f LB broth. The 
inoculant was incubated at 37°C with agitation at 250 rpm for an hour. One microlitre of 
the inoculant was added to the PCR reaction mixture and PCR reactions were then 
performed. The PCR reaction mixture contained 1 |aM forward (T7 promoter; Invitrogen) 
and backward (Sp6 promoter; Invitrogen) primers, which were found just outside the 
multiple cloning sites o fpcDNA3 vector, 0.2 m M of dATP, dCTP, dGTP, dTTP, 1.5 m M 
MgCl i , I x PCR reaction buffer with the final volume of 100 adjusted by double 
distilled water. The PCR reaction mixture was incubated at 95 for 5 minutes in order to 
denature the D N A template completely and the mixture was then cooled by keeping in an 
ice bath for 2 minutes. The PCR reaction mixture without the DNA template was the 
negative control. One unit of DNA Taq polymerase (Invitrogen) and one unit of Pfu 
polymerase (Invitrogen) were added to the reaction mixture. 
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Table 4: PCR cycling conditions for done confirmation. 
Temperature Time period 
Denaturation 94 °C 1 minute 
Annealing 43 1 minute 
Extension 72 1 minute per 500bp 
The cycling condition of PCR reactions was shown in Table 4. They were performed in a 
Robocycler (Strategene) for 50 cycles. Upon completion, the PCR reaction mixture was 
loaded on the 1 % agarose gel and separated by electrophoresis. The molecular size of the 
PCR product was compared to the molecular marker. Fragment with correct size should 
contain the desired TRPM2 fragment. 
2.1.6.3 Automated Sequencing 
The identity of the clone was further confirmed by automatic sequencing reactions using 
ABI-PRISM D N A sequencing kit (PERKIN ELMER) in an A B I PRISM™ DNA 
sequencing system (Advanced A B I 310 Genetic Analyzer, PERKIN ELMER). 
The sequencing mixture consisted of 200 ng of plasmid DNA, 2.0 pmole of primer (either 
forward or reverse primer), 8 \A Big Dye Reaction Mix with the final volume of 20 jul 
adjusted by autoclaved double distilled water. Reaction was performed in a Peltier 
Thermal Cycle (PTC-200; Gene Co.) for 25 cycles under the following conditions: 96 
for 1 minute, annealing temperature of the primer used (43 for both T7 and Sp6 
primers) for 1 minute and 60 for 4 minutes. Upon reaction completion, the reaction 
mixture was precipitated at -70 °C for 1 hour by 2 volumes of absolute ethanol and 0.1 
volume of 3 M sodium acetate at pH 5.4 and subsequently pelleted by centrifugation at 4 
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for 20 minutes. The pellet was rinsed by 70% ethanol and dissolved in 20 |li1 o f 
autoclaved double distilled water. Equal volume of Template Suppression Reagent (TSR) 
buffer supplied by the sequencing kit was added and the mixture was incubated at 95 
for 5 minutes and chilled in an ice bath for 2 minutes. The mixture was then analysed by 
an automated D N A sequencer. 
The sequencing data were submitted to the BLAST Sequence Similarity Search (NCBI, 
National Centre for Biotechnology information, http:/./www.ncbi.iilm.nih.gov/BLAST) to 
determine whether the cloned fragments is the target D N A insert. 
2.2 Establishing Stable Ceil Lines 
After subcloning the TRPM2 gene fragment in antisense orientation in pcDNA3 vector, 
stable transfection was performed in order to establish cell line that suppress TRPM2 
channel. Cells containing transfected vectors can be selected wi th the aid of geneticin 
(Gibco-BRL). It is an aminoglycoside related to geneticin selective pressure, cells 
without neomycin resistant gene found in pcDNA vectors would be killed，and thus the 
4 
cells containing transfected vectors can be selected. Stably transfected cell lines can be 
produced in 2-3 weeks. 
2.2.1 Cell Culture 
A mouse heart endothelioma (H5V) cell line, a generous gift from Professor P. Huber, 
was used to perform stable transfection for functional studies. The cells were cultured in 
Dulbecco's modified Eagle medium (Gibco-BRL) supplemented with 10% Fetal Bovine 
Serum (Gibco-BRL) and a combination of penicillin-streptomycin (Gibco-BRL) at 37°C 
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in a 5% CO2 atmosphere. Culture medium was replaced three times per week t i l l 
confluent. 
2.2.2 Geneticin Selection 
To determine the concentration of geneticin for selective pressure, H5V cells were first 
seeded wi th 60-70% confluence in a 24-well plate overnight. Geneticin in different 
concentrations ranging from 0 mg/ml to 1 mg/ml were added to the cells in the next day. 
With 2-3 weeks selection, cells were viewed under microscope. The concentration next to 
the one that can k i l l all the cells was considered to be the optimal geneticin concentration. 
After clone selection, the established transfected cell line containing TRPM2 channel in 
their sense or antisense orientation are ready for functional study by using confocal 
microscopy. 
2.3 Expression of TRPM2 in Transfected and non-Transfected H5V 
Cells 
Western blot analysis was performed to confirm the expression of TRPM2 in H5V cells at 
protein level. H5V cells transfected with sense/antisense TRPM2 constructs were also 
analyzed to verify the suppression efficiency of the antisense construct at protein level. 
2.3.1 Protein Sample Preparation 
The wide-type H5V and those transfected with either sense TRPM2 construct or 
antisense TRPM2 construct were seeded in 6-well plates overnight at 37 °C. The cells 
were first washed with cold PBS 3 times. One hundred microlitres of I x CAT Lysis 
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Buffer (Boehringer Manheim) was added to each well and incubated for 20 minutes on 
ice to allow cell lysis. The cell lysates were then centrifuged at 12,000 rpm for 15 
minutes at 4 ^C. The supematants were collected and their concentrations were 
determined by Bradford assay kit (BioRad). Bovine serum albumin solutions wi th final 
concentration ranging from 0-50 jug/ml were used as protein standards. Diluted 
supernatant samples and protein standards (160 i j l for each in duplicate) were transferred 
to appropriate wells of a 96-well plate. Bradford assay buffer (40!il; BioRad) was 
subsequently added to each well and mixed thoroughly. The samples in the 96-well plate 
were read by Microplate UV/VIS Spectrophotometer at OD595. A protein standard curve 
was plotted and the concentration of samples was determined. 
2.3.2 Western Blot Analysis 
60 |ig of proteins were mixed with SDS-PAGE loading buffer 1:1 ratio in volume and 
boiled for 10 minutes. The protein samples and a Bench Mark® pre-stained standard (8 jul 
per lane; Invitrogen) were separated on 8% SDS-PAGE for 3 hours with a constant 
voltage of 150 V. The gel was then transferred to a methanol-presoaked PVDF nitro-
cellulose membrane (Mill ipore) by Trans-Blot Cell SD Semi-Dry Electrophoretic 
Transfer Cell (BioRad) operated at a constant voltage of 15V for 1 hour. The membrane 
was removed and kept wet in I x TBS solution (140 m M NaCl, 3 m M KCl, 25 m M 
Trisbase (Sigma) at pH 7.4) supplemented with 0.1% Tween-20 (TBS-T). The membrane 
was immersed in blocking solution (5% non-fat dry milk powder in TBS-T) for 1 hour at 
room temperature with constant shaking to minimize non-specific binding of antibodies 
to the membrane. The blocking solution was then replaced with fresh blocking solution 
supplemented with anti-TRPM2 polyclonal antibody (Bethyl Lab) in 1:200 dilutions. The 
membrane with primary antibody was incubated at 4°C with constant shaking overnight. 
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The membrane was washed in TBS-T (3 x l 5 minutes) and subsequently incubated wi th 
anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Amersham 
Pharmacia) in blocking solution wi th 1:30000 dilutions at room temperature for 1 hour. 
The secondary antibody solution was discarded and the membrane was washed with 
TBS-T (3 x l 5 minutes). The bound antibody on the membrane was detected using 
E C L ™ Plus Western Blotting Detection system (Amersham Pharmacia). The membrane 
was exposed to FUJI™ f i lm for several seconds to hours to obtain optimal signal 
intensity. The intensity of the bands was measured by using Alpha Innotech Imaging 
System (Line Analytics) and analyzed by FluorChem software. 
2.3.3 Protein Expression Analysis 
Expression level of TRPM2 proteins in wi ld type H5V cells was normalized to 1. 
Expression level of TRPM2 proteins in H5V cells transfected with TRPM2-sense or 
antisense constructs were displayed as a level relative to the wi ld type H5V group and 
were expressed as mean 土 SEM of 3 independent experiment and analysed at a p<0.05 
level of significance. 
2.4 Immunolocalization of TRPM2 in Human Heart, Cerebral Artery, 
Renal，Hippocampus and Liver 
2.4.1 Paraffin Section Preparation 
Paraffin blocks of human heart, cerebral arteries, renal, hippocampus and liver tissues 
were gifts from Dr. Chen Wing-Yee of Prince of Wales Hospital. The subject was a 59-
year-old female who died of cardiac tamponade caused by a dissecting aortic aneurysm. 
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The postmortem delay for this subject was approximately 24 hours. The endothelial layer 
was still f i rmly attached to vessels. However, some atherosclerotic lesions could be 
observed in her coronary vessel wall. 
o 
Tissue sections were fixed by 4% paraformaldehyde in PBS overnight at 4 C and 
successively incubated for more than 30 minutes in 70%, 80%, 90%, 95% and 100% 
ethanol. The sections were then transferred through xylene for 20 minutes and paraffin 
wax for 20 minutes twice at 60。C. The sections were then placed in a plastic mould, 
allowing the wax to set. The paraffin blocks were kept at 4°C until use. Five micron-thick 
sections were cut by a microtome, mounted on slides coated with 3-
aminoproyethoxysilane and were then allowed to dry at 3TC. The ready-to-use sections 
were kept at 4®C before use. 
2.4.2 Immunohistochemistry 
Primary antibody was prepared at the beginning of experiments in parallel with two 
negative controls. The preabsorption control was prepared according to the 
manufacturer's protocol. In brief, control antigens was mixed with its antibody in 1:1 
weight ratios and incubated at room temperature for 2.5 hours. After a 13,200 rpm 
centrifugation for 5 minutes, the supernatant was collected and proceeded the same 
procedure in parallel with primary antibody staining. 
In each of the studies, one paraffin section from the same subject was used. The wax 
embedded human heart, cerebral arteries, renal, hippocampus and liver tissues were 
dewaxed in xylene 3 times (Merck), rehydrated with decreasing concentrations of ethanol 
(100%, 80%; Merck) two times each for 5 minutes. The dewaxed slides were then 
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immersed in absolute methanol (Merck) wi th 0.5% hydrogen peroxide (Merck) for 30 
minutes at room temperature to destroy endogenous peroxidase. With a brief wash wi th 
tap water, the slides were rinsed wi th PBS ( 2 x 5 minutes). Slides were then blocked wi th 
0.1% BSA in PBS containing 0.1% Tween-20 (PBS-T) at room temperature for 10 
minutes. Slides were then subsequently incubated either with primary antibodies (1:50 
diluted wi th 0.1% BSA-PBST) or without the primary antibody as negative controls 
overnight at room temperature. 
After rinsing wi th PBST ( 3 x 5 minutes), the slides were incubated with biotinylated-goat 
anti-rabbit IgG (H+L) secondary antibodies (Zymed) in PBS-T with a dilution of 1:200 
for 1 hour at room temperature. They were rinsed with PBS ( 3 x 5 minutes) and then 
incubated wi th horseradish peroxidase (HRP)-streptavidin conjugate (Zymed) in PBS-T 
with a dilution of 1:500 for 1 hour at room temperature. After rinsing with PBST ( 3 x 5 
minutes) and 0.05M TBS (38 m M Tris-HCl (Merck), 153 m M NaCl, pH 7.6; 2 x 5 
minutes), the slides were immersed with 0.3 mg/ml of 3,3'-diaminobenzidine in 0.05M 
TBS containing 0.01% hydrogen peroxide (DAB-H2O2 solution) for 5 minutes to 1 hour 
until color development. With excessive wash with tap water, the slides were 
counterstained with heamatoxlin. The slides were subsequently washed with excessive 
running tap water for 5 minutes and dehydrated in ascending series of ethanol 
concentrations (70%, 80%, 5 minutes each and 100% for 15 minutes) and delipidated in 
xylene (5minutes). The slides were coverslipped in Permount (Fisher Chemical) and were 
ready to view under microscope (Leica). 
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2+ 2.5 [Ca ]i Measurement in Confocal Microscopy 
2.5.1 Cytosolic Ca^ ^ measurement 
H5V cells (non-transfected or those stably transfected with sense or antisense TRPM2 
constructs) were prepared and loaded with fluorescence dye Fluo-3/AM (Molecular 
Probes, Inc., NJ) for observing their Ca responses against H2O2 or 02*' in the presence 
or absence of different drugs. Briefly, cells were seeded on circular glass plates at 37°C 
overnight supplemented wi th the same culture medium mentioned in section 2.2.1. As for 
the fluorescence dye loading, cells were incubated for an hour in dark at room 
temperature wi th 10 j jM of membrane-permeant Fluo3/AM and 0.02% Pluronic acid F-
127 in normal physiological saline solution (N-PSS), which contained (in mM): 1 CaCli 
or 2.5 CaCli (depending on the being used during the experiment), 140 NaCl, 1 
KCl, 1 MgCb, 10 glucose, and 5 Hepes at pH 7.4. The circular discs containing the 
endothelial cells were then pinned in a specially designed chamber. The chamber was 
placed on the stage of an inverted microscope (Nikon Diaphot 200). A l l agents were 
applied directly to the bath along the side of the chamber, solutions were then mixed by 
pipetting gently up and down for a few times. Experiments were performed at room 
temperature. Fluorescence signals were recorded by MRC-1000 Laser Scanning Confocal 
Imaging System with MRC-1000 software (Bio-Rad). An excitation wavelength of 
488nm was provided by a MRC-1000 laser scanning confocal imaging system (BioRad) 
and the fluorescence signal was collected using a 515 nm-long pass emission filter. 
Unless otherwise indicated, fluorescence intensity before addition of agent was 
normalized to 1 as FO, summary of changes in in response to the agent was 
displayed as a ratio of fluorescence relative to the fluorescence before the application of 
agents (Fl/FO). 
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2.5.2 Measuring the Ca2+ in the Internal Calcium Stores 
In some experiments, the change of Ca^^ level in the internal calcium stores instead of the 
cytosolic Ca2+ was measured. In such experiment, mag-fluo-4 A M instead o f Fluo-3/AM 
was loaded into endothelial cells to monitor level of free Ca^^ in the intracellular calcium 
stores. H5V cells were prepared and loaded with fluorescence dye mag-fluo-4 A M 
(Molecular Probes, Inc., NJ) for observing the reduction in 
C a " level in internal stores in 
response to H2O2. Briefly, cells were seeded on circular glass plates at 37°C overnight 
supplemented wi th the same culture medium mentioned in section 2.2.1. As for the 
fluorescence dye loading, cells were incubated with 5 juM mag-fluo-4 A M in dark at 37°C 
for 45 minutes, and 0.02% Pluronic acid F-127 in normal physiological saline solution 
(N-PSS), which contained (in mM): 1 CaCli, 140 NaCl, 1 KCl, 1 MgCl! , 10 glucose, and 
5 Hepes at pH 7.4. Cells were then washed with the indicator-free N-PSS and stored 
o 
overnight at 4 C to unload the cytosolically located mag-fluo-4. On the next day, the 
circular discs containing the endothelial cells were then pinned down in a specially 
designed chamber. The chamber was placed on the stage of an inverted microscope 
(Nikon Diaphot 200). 
Fluorescence signals corresponding to Ca〗. level inside the internal 
stores were 
recorded before H2O2 challenge, by MRC-1000 Laser Scanning Confocal Imaging 
System with MRC-1000 software (Bio-Rad). An excitation wavelength of 488nm was 
provided by a MRC-1000 laser scanning confocal imaging system (BioRad) and the 
fluorescence signal was collected using a 515 nm-long pass emission filter. H2O2 was 
then applied directly to the bath along the side of the chamber, solutions were then mixed 
by pipetting gently up and down for a few times, cells were then exposed to H2O2 for 30 
minutes. Since Mag-fluo4 fluorescence used in this experiment was reported to be light-
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sensitive and could be quenched by the exposure of light, laser emission to samples was 
prevented during the period of H2O2 treatment. After the 30-minute-exposure to H2O2, 
fluorescence signal was then collected. The percentage of Ca depletion in the internal 
2 + • • Ca stores could be displayed by a ratio o f fluorescence after H2O2 application relative to 
the fluorescence before the H2O2 application. 
2.5.3 Data Analysis 
Data Analysis was performed wi th Confocal Assistant and Metafluor. A l l representative 
traces were plotted by using Prism Program 3.0 (GraphPad, San Diego, CA, USA). Data 
were expressed as the mean 土 S E M and analyzed wi th two-tailed Student's t test at a p< 
0.05 level o f significance. 
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2.6 Examining Cell Death Induced by H2O2 by DAPI Staining 
2.6.1 DAPI Staining 
H5V cells were first seeded wi th 60-70% confluence on coverslips in Dulbecco's 
modified Eagle medium (Gibco-BRL) supplemented wi th 10% Fetal Bovine Serum 
(Gibco-BRL) and a combination of penicillin-streptomycin (Gibco-BRL) at 37。C in a 5% 
CO2 atmosphere overnight. 2 m M H2O2 was then added to the cells next day. After 40 
hours, cells were grown to approximately 90% confluence. The cells were then washed 
wi th PBS for several times. Subsequently, coverslips were mounted on a microscope 
glass slide and stained wi th 1 jug/ml 4,6-diamidino-2-phenylindole dihydrochloride 
(DAPI) reagent for approximately 30 minutes for nuclei staining. The morphology of cell 
nuclei was examined under a fluorescence microscope (Leica). 
Nuclei condensation and fragmentation were characteristics o f apoptotic cells, while 
unevenly textured and irregularly shaped nuclei were characteristics o f necrotic cells. 
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Chapter 3: Results 
3.1 Superoxide Anion-Induced [Ca^ +h rise in H5V Mouse Heart 
Microvessel Endothelial Cells 
In analogy to biological ROS production, an enzymatic oxidant generating system, HX-
XO, was primarily used to expose the endothelial cells to oxidative stress in the present 
study. HX-XO reacts to yield O2•“ as the primary product, which may spontaneously or 
enzymatically dismutates into H2O2. 
3.1.1 Superoxide Anion-induced [Ca^ +h Rise 
Fig 3.1 A shows that application of HX-XO (200 ^iM; 20 mU/ml) to H5V cells stimulated 
a rapid elevation. To confirm that the Ca^^ response is caused by the generation of 
superoxide anion but not due to any non-specific effect, some cells were pre-incubated 
with 250 U/ml superoxide dismutase (SOD; an enzyme that causes superoxide 
dismutation) for around 15 minutes. Fig 3. IB shows that SOD could partially inhibit the 
[Ca2+]i rise in response to HX-XO treatment, suggesting a role of superoxide anion in the 
observed [Ca ]i rise. 
3.1.2 Effect of Catalase on the Superoxide Anion-induced [Ca ]i Rise 
As superoxide anion can be dismutased by catalase to produce hydrogen peroxide, we 
wonder i f the observed superoxide anion-induced Ca response was partly mediated by 
H2O2. To test this, cells were pre-treated with catalase (2000 U/ml) for 5-10 minutes prior 
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to the addition of HX-XO (100 \aM; 10 mU/ml). The catalase treatment partially inhibited 
the rCa^l. rise in response to HX-XO treatment (Fig 3.2A and 3.2B), suggesting a role of 
I 
H2O2 in the observed [Ca ]i rise. 
3.1.3 IP3R inhibitor Inhibits Superoxide anion-induced [Ca^ J^j Rise 
To access the role of IP3-sensitive Ca stores in the Ca movement provoked by HX-XO 
in H5V, Xestospongin C (XeC; an IP3R inhibitor), a potent inhibitor of the IP3-receptor 
(IP3R) on endoplasmic reticulum (ER) that displays high selectivity over ryanodine 
receptors, was added to H5V cells in NPSS. H5V cells were pre-treated with XeC (10 juM) 
for 20 minutes in NPSS. Then, HX-XO (200 " M ; 20 mU/ml) was added and the change 
of [Ca2+]i was measured. XeC pre-treatment significantly inhibited the rise in 
response to HX-XO (Fig 3.3A and 3.3B), suggesting the role of IP3R in the observed 
[Ca2+]i rise. 
3.1.4 Effect of Phospholipase A2 Inhibitor on Superoxide anion-
induced [Ca2+]i Rise 
It is known that arachidonic acid, the metabolite of phospholipids hydrolysis catalazed by 
phospholipase A2 (PLA2), can activate IP3-mediated Ca release from endoplasmic 
reticulum. Experiments were done to investigate the possible involvement of PLA2 in the 
[Ca2+]i rise in response to HX-XO. In control experiments, HX-XO was able to induce a 
large increase in H5V cells (Fig 3.4A and 3.4B). In contrast, pretreatment of H5V 
cells with a PLA2 inhibitor quinacrine (100 juM) for 10 minutes in 2.5 m M Ca^^ partially 
inhibited the [Ca2+]i rise in response to HX-XO. These results suggest that PLA2 is 
involved in the rise in response to HX-XO in H5V cells. 
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We also attempted to test the possible involvement of PLC in HO-XO-induced 
rise. However, we found that U73343 (10 uM), a putative inactive analog o f U73122, 
could partially inhibit the HO-XO-induced rise by itself. Therefore, we were not 
able to conclude whether PLC was indeed involved in the HO-XO-induced rise. 
3.1.5 Effect of Hydroxyl Radical Scavenger on Superoxide Anion-
2+ 
induced [Ca ]i Rise 
As hydroxyl radical, which is considered to be the most active ROS, can be generated 
I 
from H2O2 in the Haber-Weiss reaction, we wonder i f the observed HX-XO-induced Ca 
response was mediated by the generation of hydroxyl radical. DMSO, an efficient 
hydroxyl radical scavenger, was used to scavenge hydroxyl radical in the HX-XO 
• 2+ 
experiment. Fig 3.5A shows the representative trace of the [Ca ]i rise in response to HX-
XO (200|iM;20mU/ml) for cells pre-incubated with or without 2% DMSO for 30 minutes. 
It is clear that DMSO had no effect on HiOi-induced [Ca^^Ji rise (Fig 3.5A and 3.5B), 
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Fig 3.1 Superoxide Anion-induced Rise 
(A) Representative traces showing the [Ca^^], response of H5V cells to HX-XO (200 pM; 20 mU/ml). The 
cells were pretreated with or without 250 U/ml SOD for 15 minutes prior to the addition of HX-XO. 
Fluorescence intensity before addition of HX-XO was normalized to 1 as FO. (B) Summary of changes in 
[Ca2+]i caused by HX-XO, displayed as a ratio of fluorescence relative to the fluorescence before the 
addition of HX-XO (Fl/FO), were expressed as mean 土 SEM of 3 independent experiments (10 to 15 cells 
per experiment). * P< 0.05 as compared to control. 
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Fig 3.2 Effect of Catalase on the Superoxide Anion-induced Rise 
(A) 2000U/ml catalase for 5-10 minutes prior to the addition of HX-XO. Fluorescence intensity before 
addition of HX-XO was normalized to 1 as FO. (B) Summary of changes in [Ca^^Ji caused by HX-XO, 
displayed as a ratio of fluorescence relative to the fluorescence before the addition of HX-XO (Fl/FO), 
were expressed as mean 土 SEM of 4 to 6 independent experiments (10 to 15 cells per experiment). * P< 
0.05 as compared to control. 
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Fig 3.3 IP3R inhibitor Inhibits Superoxide anion-induced Rise 
(A) Representative traces showing the [Ca^^l response of H5V cells to HX-XO (200 mM; 20 mU/ml). The 
cells were pretreated with or without 10 iM XeC for 20 minutes prior to the addition of HX-XO. 
Fluorescence intensity before addition of HX-XO was normalized to 1 as FO. (B) Summary of changes in 
[Ca2+]i caused by HX-XO, displayed as a ratio of fluorescence relative to the fluorescence before the 
addition of HX-XO (Fl/FO), were expressed as mean 土 SEM of 4 independent experiments (10 to 15 cells 
per experiment). * P< 0.05 as compared to control. 
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Fig 3.4 Effect of Phospholipase A2 Inhibitor on Superoxide anion-induced Rise 
(A) Representative traces showing the [Ca^^i response of H5V cells to HX-XO (200 |jM; 20 mU/ml). The 
cells were pretreated with or without 100 |jM quinacrine for 10 minutes prior to the addition of HX-XO. 
Fluorescence intensity before addition of HX-XO was normalized to 1 as FO. (B) Summary of changes in 
[Ca2+]i caused by HX-XO, displayed as a ratio of fluorescence relative to the fluorescence before the 
addition of HX-XO (Fl/FO), were expressed as mean 土 SEM of 4 to 5 independent experiments (10 to 15 
cells per experiment). * P< 0.05 as compared to control. 
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Fig 3.5 Effect of Hydroxyl Radical Scavenger on Superoxide Anion-induced [Ca^ +L Rise 
(A) Representative traces showing the response of H5V cells to HX-XO (200 |nM; 20 mU/ml). The 
cells were pretreated with or without 2% DMSO for 30 minutes prior to the addition of HX-XO. 
Fluorescence intensity before addition of HX-XO was normalized to 1 as FO. (B) Summary of changes in 
[Ca2+]i caused by HX-XO, displayed as a ratio of fluorescence relative to the fluorescence before the 
addition of HX-XO (Fl/FO), were expressed as mean 土 SEM of 3 independent experiments (10 to 15 cells 
per experiment). There was no significant difference in HX-XO-induced Ca^^ response between cells 
pretreated with or without DMSO. 
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3.2 Hydrogen Peroxide-induced Ca^ ^ Entry in Mouse Heart 
Microvessel Endothelial Cells 
3.2.1 Hydrogen Peroxide Induces rise in H5V Mouse Heart 
Microvessel Endothelial Cells 
As H2O2 is a secondary product in HX-XO system, our interest in HX-XO-induced 
Ca2+]i response extended to the area of the effects on Ca^^ signalling when H2O2 was 
employed directly as a primary oxidant in the experiments. The cells were bathed in a 
Ca2+ free solution (OCa^'"-PSS) and the change in [Ca2+]i in response to extracellular Ca^^ 
addition was interpreted as the Ca2+ influx. As shown in Fig 3.6, addition of 0.5 m M Ca 
to the cells bathed in OCa^^-PSS only caused slight change in [Ca2+]i. However, i f the 
2+ 
same batch of cells were pretreated with 500 i M H2O2 for 15 minutes in OCa -PSS, 
subsequent addition of 0.5 m M Ca^^ stimulated a significant elevation. These 
results indicate that H2O2 treatment significantly stimulated Ca〗. influx. 
3.2.2 Hydrogen Peroxide Induces [Ca^ +h rise in two phases (Rapid 
and Slow response) 
Figs 3.7 and 3.8 show that 500 | iM H2O2 caused a biphasic elevation in a rapid 
Ca2+ response occurred within 300 seconds followed by a slow response happened 
several minutes later. Both phases of responses could be observed for cells bathed in 
0Ca2+-PSS as well as those bathed in Ca^^-containing normal physiological solution 
(NPSS) (Fig 3.7 and Fig 3.8). For cells bathed in OCa^^-PSS, the observed [Ca^""], rise in 
response to H2O2 was presumably due to HbC^-induced Ca "^" release from intracellular 
Ca2+ stores (Fig 3.8). We then compared the amplitude of the rapid Ca^^ responses, and 
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the results showed a greater H202-induced rise for cells bathed in NPSS than that 
o f the cells bathed in OCa^^-PSS, indicating a substantial contribution o f Ca〗— inf lux to 
the overall rise o f the rapid phase. From these results, we conclude that 500 p M 
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Fig 3.6 Characterization of HaOz-induced Ca^ ^ release and Ca^ ^ influx in H5V cells 
This is a representative trace using an experimental protocol designed to separate Ca^ ^ release from internal 
stores and Ca^ ^ influx pathways elicited by H2O2. In the absence of H2O2, addition of Ca^^ into the 
extracellular Ca^ ^ free solution caused a small rise in response to a change of Ca^ ^ gradient across 
the plasma membrane. Application of H2O2 in Ca^ ^ free solution induced Ca^^ release from internal stores. 
A subsequent re-addition of Ca^ ^ after H2O2 treatment induced Ca^^ entry. (n=9 independent experiments, 
10 to 15 cells per experiment). 
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Fig 3.7 and 3.8 HiOi-induced biphasic rise in the absense/presence of extracellular Ca^ ^ 
Representative traces of biphasic [Ca^^l elevation stimulated by H2O2 for � 1 5 minutes. 500 pM H2O2 
caused a biphasic elevation in a rapid Ca^^ response occurred within 300 seconds followed by a 
slow response happened several minutes later in both (Fig 3.7) NPSS and (Fig 3.8) OCa^.-PSS. 
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2 I 2 [ 
3.2.3 Hydrogen Peroxide Induces [Ca ]{ rise in a Extracellular Ca 
Concentration Dependent Manner 
To further examine the contribution of Ca^^ influx in HiOi-induced rapid rise, we 
compared the magnitude of rise in response to H2O2 between the cells bathing in 
different concentration of extracellular Ca〗.. Fig 3.9A shows the representative traces of 
the rapid Ca^^ responses induced by 500 [ iM H2O2 in I m M Ca2+, 0.5mM Ca^^ and Ca^^ 
2+ 
free solution separately. It is clear that the amplitude of rapid [Ca ] i elevation in 
2+ 
response to H2O2 increases with an increased level of extracellular Ca (Fig 3.9A, 3.9B). 
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Fig 3.9 H2O2 Induced [Ca^ +h rise in a Extracellular Ca^ ^ Concentration Dependent Manner 
(A) Representative traces of rapid [Ca'^^ rise induced by H2O2 in 0Ca2+-PSS, 0.5 mMCa'+.PSS and 1 mM 
Ca2+-PSS. Fluorescence intensity before application of H2O2 was normalized to 1 as FO. (B) Summary of 
changes in caused by H2O2, displayed as a ratio of fluorescence relative to the fluorescence before 
the application of H2O2 (Fl/FO), were expressed as mean 土 SEM of 5 to 10 independent experiments (10 to 
15 cells per experiment). * P< 0.05 as compared to 1 mM Ca^^-PSS. 
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2+ 
3.3 Hydrogen Peroxide Reduces Agonist-induced [Ca h rise 
3.3.1 Hydrogen Peroxide Reduces ATP-induced rise in a H2O2 
Concentration Dependent Manner 
We next examined the effect of H2O2 treatment on agonist (ATP)-induced rise. In 
contrast to its own stimulating role on i elevation, H2O2 appears to inhibit ATP-
induced [Ca2+]i elevation. In Fig 3.1 OA and 3.1 OB, cells were first pre-incubated with 
H2O2 (500 | iM and 1 m M respectively) for 20-25 minutes, 1 i jM ATP was then added to 
trigger a rise. The representative traces of the elevation triggered by ATP 
for cells pre-incubated wi th different concentration of H2O2 were shown in Fig 3.1 OA. 
M y results indicate that the inhibitory effect of H2O2 on ATP-induced [Ca2+]i rise was 
dependent on the concentration of the applied H2O2 such that higher cencentration of 
H2O2 caused more inhibition. 
3.3.2 Hydrogen Peroxide Reduces ATP-induced rise in a H2O2 
Incubation Time Dependent Manner 
Apart from H2O2 concentration, the length of exposure time to H2O2 also affects the 
1 I 
inhibitory action of H2O2 on ATP-induced [Ca ]i rise. After an incubation of 20-25 
，I 
minutes in 1 m M H2O2, ATP-induced [Ca ]i rise was significantly reduced (Fig 3.11). A 
longer incubation of 25 to 30 min in 1 m M H2O2 causes even greater inhibition (Fig 3.11). 
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3.3.3 Hydrogen Peroxide Reduces the ATP-induced Intracellular 
Ca2+ Release 
A reduced rise in response to ATP could be due to a decreased Ca^^ influx or a 
reduced intracellular Ca^^ release. Attempts were made to determine whether H2O2 
reduced the ATP-induced Ca】. influx or intracellular Ca^^ release. Fig 3.12A shows the 
representative traces of these experiments. Cells were pre-incubated wi th 1 m M H2O2 in 
NPSS for 25-30 minutes. The cells were then transferred to OCa^^-PSS and then 
challenged with 1 i jM ATP. The results show that H2O2 treatment completely abolished 
the ATP-induced response (Fig 3.12A and 3.12B) In mock experiments without 
H2O2 treatment, ATP application triggers a significantly rise in Because the 
experiments were carried out in OCa-PSS, these results indicate that H2O2 inhibited ATP-
induced Ca2+ release. 
3.3.4 XeC Inhibited HzCVinduced [Ca2+�i r se 
ATP-induced Ca^^ release is known to be mediated by a chain of cellular events including 
the binding of a lipid-derived second messenger inositol-1,4,5-triphosphate (IP3) to IP3 
receptor (IP3R) located on the endoplasmic reticulum (ER) membrane, which then trigger 
Ca2+ release from ER. Therefore, we hypothesized that H2O2 decreased ATP-induced 
Ca2+ release by firstly depleting the intracellular Ca^^ stores via activating IPsR-mediated 
intracellular Ca〗. release. 
Experiments were carried out in order to see i f IP3R participated in the HaOi-induced 
Ca2+ response. In Fig 3.13A, H5V cells were pre-treated with 10 \aM Xestospongin C 
(XeC; an IP3R inhibitor) for 20 minutes in NPSS. Then，500 i jM H2O2 was added and the 
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change of was measured. XeC pre-treatment almost completely abolished the 
H202-induced rapid [Ca2+]i rise (Fig 3.13A and 3.13B). These results suggest H2O2 itself 
may stimulate IPsR-mediated Ca:. release rapidly. Resultant depletion in intracellular 
Ca2+ stores is expected to facilitate Ca^^ entry through the capacitative Ca^^ influx 
2+ 
mechanism. Furthermore, depletion of intracellular Ca stores is also expected to reduce 
the agonist-induced Ca^^ release. In consistent, my results indeed showed that H2O2 
9 I 2 I 
treatment caused an enhanced Ca influx and that it also reduced the ATP-evoked Ca 
release (Fig 3.6, 3.12Aand 3.12B). 
3.3.5 Hydrogen Peroxide Partially Depletes Internal Ca^ ^ Stores 
To re-confirm that H2O2 can deplete internal Ca〗. stores, I used Mag-fluo4 (a dye that 
binds Ca2+ in the internal stores) to determine the changes in store Ca^^ content. In this 
series of experiments, H5V cells were first loaded with Mag-fluo4. The changes in 
fluorescence intensity of the dye, which was directly corresponding to the changes in free 
Ca2+ inside the stores in response to H2O2, was then measured. As shown in Fig 3.14., a 
30-minute H2O2 (2 mM) incubation reduced Mag-fluo4 fluorescence of H5V cells by 
56%. In the parallel mock experiments, in which H5V cells went through all experimental 
steps but in the absence of H2O2, the store Ca^^ content only decreased by -20%. This 
20% reduction in Mag-fluo4 fluorescence in the control experiments is due to light-
sensitive quenching of dye, which is already reported by other researchers/^ 
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3.4 Dissecting Signal Transduction Pathways in HzC^induced 
rise 
3.4.1 Effect of Phospholipase C Inhibitor on HaCVinduced [Ca rise 
) 1 
It has been recognized for many years that intracellular Ca signalling hinged on the 
2+ 
production on IP3. IP3 mobilized the Ca in stores by binding to and opening the IP3 
receptor/channel complex of the endoplasmic reticulum. IP3 can be generated through 
stimulation of the G protein-couple receptors that activate phospholipase C (PLC). 
Activated PLC can hydrolyse the l ipid precursor phosphatidylinositol-4,5-biphosphate 
(PIP2) to yield IP3 and diacylglycerol (DAG). 
A PLC inhibitor U73122 was used to explore the possible involvement of PLC in H2O2-
induced rise. Fig 3.15A shows the representative traces of response to 2 
m M H2O2 with or without U73122 (a PLC inhibitor) treatment. Treatment of H5V cells 
wi th U73122 (10 luM) for 30 minutes in 2.5 m M Ca^^ markedly reduced HiOi-induced 
rapid rise. In control experiments, H2O2 was able to induce a large [Ca^^Ji increase 
in H5V cells without any pre-treatment or those treated with 10 jdM U73343, which is an 
inactive analogue of U73122. These results suggest that PLC is involved in HbCVinduced 
[Ca2+]i rise in H5V cells. (Fig 3.15Aand 3.15B) 
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3.4.2 Effect of Phospholipase A2 Inhibitor on HiOi-induced [Ca^ +L 
rise 
Experiments were done to investigate possible involvement of PLA2 in KbOi-induced 
Ca2+]i rise. In control experiments, H2O2 was able to induce a large increase in 
H5V cells (Fig 3.16A and 3.16B). In contrast, pretreatment of H5V cells wi th a PLA2 
inhibitor quinacrine (100 i jM) for 10 minutes in 2.5 m M Ca markedly reduced H2O2-
induced rapid [Ca2+]i rise. These results suggest that PLA2 is involved in HiOi-induced 
[Ca^^li rise in H5V cells. 
3.4.3 Effect of hydroxyl radical scavenger on HzCVinduced [Ca^ +h 
rise 
Because our results indicate that the effect of HX-XO on the [Ca2+]i rise is partly 
mediated by H2O2, we wondered i f hydroxyl radical was also involved in the H2O2-
induced rise. Again, DMSO was used to test this possibility. Fig 3.17A shows the 
representative trace of responses to 2 m M H2O2 for cells pre-incubated with or 
without DMSO (2%) for 30 minutes. It is clear that DMSO had no effect on H2O2-
induced rise (Fig 3.17A and 3.17B), suggesting that the observed H2O2 effect did 
not involve hydroxyl radical. 
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Fig 3.10 H2O2 Reduced ATP-induced [Ca^ +h rise in a H2O2 Concentration Dependent Manner 
(A) Representative traces showing the rise of H5V cells in response to 1 pM ATP. The cells were 
bathed in NPSS and were pretreated with or without H2O2 (500 |liM or 1 mM) 20-25 minutes before 
application of ATP. Fluorescence intensity before application of ATP was normalized to 1 as FO. (B) 
Summary of changes in caused by ATP, displayed as a ratio of fluorescence relative to the 
fluorescence before the application of ATP (Fl/FO), were expressed as mean 土 SEM of 3 to 7 independent 
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Fig 3.11 Hydrogen Peroxide Reduced ATP-induced [Ca^+h rise in a H2O2 Incubation Time Dependent 
Manner 
Summary of changes in changes caused by ATP. The cells pretreated with H2O2 (1 mM) or without 
H2O2 (control) 15-30 minutes before initiating 1 |uM ATP-induced rise. Fluorescence intensity 
before application of ATP was normalized to 1 as FO. The data are displayed as a ratio of fluorescence 
relative to the fluorescence before the application of ATP (Fl/FO). Mean 土 SEM of 3 to 7 independent 
experiments (10 to 15 cells per experiment). * P< 0.05 as compared to control. 
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3.12 H2O2 Reduced ATP-induced Intracellular Ca!— Release 
(A) Representative traces showing the [C?^^ rise of H5V cells in response to 1 ixM ATP. The cells were 
bathed in OCa^^-PSS and were pretreated with or without H2O2 (500 ixM or 1 mM) 20-25 minutes before 
application of ATP. Fluorescence intensity before application of ATP was normalized to 1 as FO. (B) 
Summary of changes in caused by ATP, displayed as a ratio of fluorescence relative to the 
fluorescence before the application of ATP (Fl/FO), were expressed as mean 土 SEM of 3 independent 
experiments (10 to 15 cells per experiment). * P< 0.05 as compared to control. 
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3.13 Effect of XeC on HiOj-induced rise 
(A) Representative traces showing the [Ca^^i rise of H5V cells in response to 500 f^ M H2O2. The cells were 
bathed in OCa^^-PSS and were pretreated with or without 10 \aM XeC for 20 minutes before application of 
H2O2. Fluorescence intensity before application of H2O2 was normalized to 1 as FO. (B) Summary of 
changes in caused by H2O2, displayed as a ratio of fluorescence relative to the fluorescence before 
the application of H2O2 (Fl/FO), were expressed as mean 土 SEM of 3 to 6 independent experiments (10 to 
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Fig 3.14 Effect of H2O2 on Internal Ca^ ^ Stores Depletion 
Summary of data showing the percentage of reduction in store Ca^^ content caused by H2O2 treatment. The 
cells treated with or without 2 mM H2O2 (control) for 30 minutes. The data were expressed as mean 土 SEM 
of 3 to 4 independent experiments (10 to 15 cells per experiment). * P< 0.05 as compared to control. 
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3.15 Effect of Phospholipase C Inhibitor on HjOi-induced rise 
(A) Representative traces showing the rise of H5V cells in response to H2O2 (2 mM). The cells were 
bathed in NPSS and were pretreated with or without 10 pM U73122 or 10 |jM U73343 for 30 minutes 
before application of H2O2. Fluorescence intensity before application of H2O2 was normalized to 1 as FO. 
(B) Summary of changes in produced by H2O2, displayed as a ratio of fluorescence relative to the 
fluorescence before the application of H2O2 (Fl/FO), were expressed as mean 土 SEM of 3 to 5 independent 
experiments (10 to 15 cells per experiment). * P< 0.05 as compared to U73343 and control (H2O2 treatment 
only). 89 
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3.16 Effect of Phospholipase A2 Inhibitor on HjOi-induced [Ca2+]i rise 
(A) Representative traces showing the [Ca^^i rise of H5V cells in response to H2O2 (2 mM). The cells were 
bathed in NPSS and were pretreated with or without 100 |jM quinacrine for 10 minutes before application 
of H2O2. Fluorescence intensity before application of H2O2 was normalized to 1 as FO. (B) Summary of 
changes in caused by H2O2, displayed as a ratio of fluorescence relative to the fluorescence before 
the application of H2O2 (Fl/FO), were expressed as mean 土 SEM of 3 to 4 independent experiments (10 to 
15 cells per experiment). * P< 0.05 as compared to control. 
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3.17 Effect of hydroxyl radical scavenger on HiOi-induced [Ca!—]丨 rise 
(A) Representative traces showing the [Ca^^i rise of H5V cells in response to H2O2 (2 mM). The cells were 
bathed in NPSS and were pretreated with or without 2% DMSO for 30 minutes before application of H2O2. 
Fluorescence intensity before application of H2O2 was normalized to 1 as FO. (B) Summary of changes in 
[Ca2+]i caused by H2O2, displayed as a ratio of fluorescence relative to the fluorescence before the 
application of H2O2 (Fl/FO), were expressed as mean 土 SEM of 3 to 4 independent experiments (10 to 15 
cells per experiment). There was no significant difference between the DMSO-treated cells from the control. 
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3.5 Functional Role of TRPM2 Channel in H^Oz-induced Rise 
in H5V Cells 
3.5.1 Expression of TRPM2 and the Effect of TRPM2 Antisense 
Construct on TRPM2 Protein Expression 
As TRPM2 was reported to be one of the important redox sensors in the vascular system, 
we examined the expression of TRPM2 in H5V cells (mouse heart endothelioma cells) at 
protein level. In Fig 3.18A, Western blot using whole-cell lysates from H5V cells yielded 
a protein band of the appropriate molecular mass for TRPM2 (-175 kDa), suggesting the 
expression of TRPM2 proteins in H5V cells. 
To assess the functional role of TRPM2 in H202-induced Ca^ "^  entry in the endothelial 
cells, an antisense cDNA approach was used to "knock-down" the expression of TRPM2 
in H5V cells. A sense control was used to provide a check for the possible non-specific 
effect resulted from the transfection process. With TRPM2 antisense constructs, the 
expression of TRPM2 proteins in H5V cells was reduced by 85% as compared to those 
transfected with sense TRPM2 constructs (Fig 3.18B). 
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Fig 3.18 Protein Expression of TRPM2 in H5V cells. 
(A)Representative images of Western blot showing the effects of TRPM2 antisense 
cDNA constructs on the expression of TRPM2 protein in H5V cells. (B) Expression level 
of TRPM2 proteins in w i ld type H5V cells is normalized to 1. Expression level o f 
TRPM2 proteins in H5V cells transfected wi th TRPM2-sense- or -antisense constructs, 
displayed as a level relative to the wi ld type H5V group, were expressed as mean 土 SEM 
of 3 independent experiment. * P< 0.05 as compared to H5V control and sense control. 
AU, Arbitrary Unit. 
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3.5.2 Effect of Antisense TRPM2 on HiOi-induced Cix^ Entry 
2 + 
The experimental protocol to test the effect of antisense TRPM2 on HbOa-induced Ca 
entry was the same as that in Fig 3.6, except that the H5V cells being tested this time 
were transfected wi th TRPM2 antisense construct. The majority o f antisense-transfected 
cells did not respond to H2O2 (Fig 3.19A), although a minority ( -30%) of the cells did 
have response (Fig 3.19B). 
A sense control was used to provide a check for the possible non-specific effect resulted 
from the transfection process. The representative trace of the majority o f H5V that were 
transfected wi th TRPM2 sense construct was shown in Fig 3.19C, which shows that the 
majority ( -75%) of these cells were able to respond to H2O2. However, a minority of 
these cells (shown in Fig 3.19D) did not respond to H2O2. 
Fig 3.20 shows the percentage of sense/antisense-transfected H5V cells displaying H2O2-
induced rise. It shows that there was around 75% of TRPM2-sense-H5V 
responded to H2O2, whereas there was only about 30% of TRPM2-antisense-H5V 
responded to H2O2. 
Apart from counting the percentage of cells responded to H2O2, the amplitudes of Ca^^ 
entry upon H2O2 among the responding cells (sense and antisense) were compared. Fig 
3.21 A shows that the antisense-transfected-H5V cells had less Ca^^ influx in response to 
H2O2 than that of the sense construct-transfected cells. 
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To eliminate the effect on caused by the suddenly applied Ca^^ concentration 
I I 
gradient, we have to measure the amplitude o f Ca entry upon Ca addition before any 
H2O2 incubation. Fig 3.2IB shows the amplitudes of Ca^^ entry upon extracellular Ca〗— 
addition prior to H2O2 incubation in cells transfected wi th sense and antisense construct. 
2+ 2 [ 
After deducting this small Ca influx components upon extracellular Ca addition, we 
obtained the portion of [Ca2+]i rise solely induced by H2O2 in Fig 3.2IC, which shows 
2+ 
that the HiOi-induced [Ca ]i rise in the responding antisense-transfected H5V was still 
significantly less than that o f responding sense-transfected H5V cells. 
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3.19 Characterization of HjOj-induced Ca2+ entry in cells transfected with T R P M 2 antisense or sense 
construct 
The experimental protocol to test the effect of antisense TRPM2 cDNA construct on HjOz-induced Ca^^ entry was the 
same as that in Fig 3.6, except that the H5V cells being tested this time were transfected with TRPM2 antisense or 
sense TRPM2 cDNA construct. Representative trace of the H2O2 induced-Ca^^ response of (A) majority of the 
TRPM2-antisense-H5V, (B) minority of the TRPM2-antisense-H5V, (C) majority of the TRPM2-sense-H5V, and (D) 
minority of the TRPM2-sense-H5V. (n=6 independent experiments, 10 to 15 cells per experiment). 
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3.20 Percentage of sense or antisense H5V cells displaying HzCVinduced [Ca!.]; rise 
Using the experimental protocol in Fig 3.19, the percentage of cells responding to H2O2 (500 |aM) was 
expressed as mean 土 SEM of 6 independent experiments (10 to 15 cells per experiment). * P<0.05 as 
compared to the TRPM2-sense-H5V. 
98 
Fig 3.21 A 
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3.21 Comparison of the amplitudes of Ca^ ^ entry upon H2O2 among the responding sense or antisense 
H5V cells. 
(A) It shows the amplitude of Ca^^ entry upon extracellular Ca^^ addition after H2O2 incubation of the 
responding TRPM2-sense- or TRPM2-antisense-H5V cells. Fluorescence intensity before application of 
H2O2 was normalized to 1 as FO. (B) It shows the amplitudes of Ca^^ entry upon extracellular Ca^^ addition 
prior to H2O2 incubation of TRPM2-sense-H5V and TRPM2-antisence-H5V. Fluorescence intensity before 
addition of extracellular Ca^^ was normalized to 1 as FO. (C) It shows the rise solely induced by 
H2O2 by eliminating the effect of Ca^^ influx solely caused by the suddenly applied Ca^^ concentration 
gradient observed in (B) from (A). Summary of changes in caused by H2O2, displayed as a ratio of 
fluorescence relative to the fluorescence before the application of agents (Fl/FO), were expressed as mean 
土 SEM of 6 independent experiments (10 to 15 cells per experiment). * P< 0.05 as compared to control 
(TRPM2-sense-H5V). 
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3.6 H202-induced Cell Death 
As mentioned in the introduction, the redox status o f a cell serves as a switch determining 
the cell's fate o f whether it progresses to apoptotic cell death, differentiation or 
7 8 128 
proliferation.，’ Changes in redox status have also been reported to induce 
necrotic/apoptotic processes in reperfusion injury during ischemia, degenerative diseases, 
and normal cellular functions/ 
Experiments were done to study the effect o f high dose o f hydrogen peroxide (2 m M ) on 
H5V cell death. After treating the cells wi th 2 m M H2O2 for 40 hours at 37^C, we 
examined the morphology of the cell nuclei using DAPI method. The H2O2 treatment 
markedly reduced the number o f cells attached to cultureware, indicating that cells 
experienced decreased cell proliferation or many cells died during the 40 hr H2O2 
treatment. After H2O2 treatment, the nucleus of some cells showed nuclei condensation 
and fragmentation (which are the characteristic features of apoptosis), and some nuclei 
formed many unevenly textured and irregularly shaped clumps (which is the 
characteristic feature of necrosis) (Fig 3.22A and 3.22B). In control experiments without 
H2O2 treatment, the nucleus of most cells had regular oval shape (Fig 3.22C and 3.22D). 
Because TRPM2 was found to be expressed in H5V cells and it was involved in oxidative 
stress-induced cell death, it is l ikely that TRPM2 channels may contribute to the observed 
1 Q ' ^ 
H5V cell death induced by H2O2, as has been reported in other cell types. However, 
more experiments are needed to clarify the issue in the future. 
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3.22. DAPI staining showing effect of H2O2 treatment on the morphology of nuclei in 
H5V cells 
(A and B) Images are representative pictures obtained from the H5V cells treated with 2 
m M H2O2 for 40 hrs. (C and D) Images are representative pictures obtained from control 
H5V cells without H2O2 treatment. 
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3.7 Expression Pattern of TRPM2 Channel in Vascular System 
3.7.1 Immunolocalization of TRPM2 in Human Cerebral Arteries 
With the TRPM2 channel antibody, immunohistochemical studies were performed to 
elucidate the distribution of TRPM2 channels in human cerebral arteries. 
Human cerebral artery is a muscular artery, which consists of three layers. Tunica intima 
(TI), the innermost layer, contains a single lining of endothelial cells (Ecs), basal lamina, 
subendothelial layer (with loose conncective tissues and a few scattered smooth muscle 
cells) and a thick internal elastic lamina. Tunica media (TM), the middle layer, is 
composed predominantly of circular-oriented smooth muscle cells and a thick external 
elastic lamina. Tunica advenitia (TA), the outermost layer, contains a thin layer of 
fibroelastic connective tissues; longitudinally oriented smooth muscle fibres and 
collagens as well as vasa vasomm located outer regions of the adventitia. 
Representative immunoimages of TRPM2s in human cerebral arteries were shown in Fig 
3.23 with 40x magnification. Intense staining of TRPM2 proteins was observed in 
cerebral endothelial cells in tunica intima and smooth muscle cells in tunica media. 
Negligible signal was obtained in control experiments, which were performed in the 
absence of primary antibody. Detachment of endothelial cell lining were found, which 
may be caused by tissue deterioration during cold room storage of deceased body. 
Heamatoxlin counterstained the cell nuclei into blue color. Debris was found in some 
tissues, which may be caused by precipitation of heamatoxlin in the process of 
immuno staining. 
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3.7.2 Immunolocalization of TRPM2 in Human Cardiac Muscles 
Immunohistochemical studies were also performed to elucidate the distribution pattern of 
TRPM2 channels in human cardiac myocytes. Representative immunoimages of TRPM2s 
in human cerebral arteries were shown in Fig 3.24 with 40x magnification. Intense 
staining of TRPM2 proteins were observed in cardiac myocytes and small-sized artery in 
heart. Negligible signal was obtained in control experiments, which were incubated in the 
absence of primary antibody. Heamatoxlin counterstained the cell nuclei into blue color. 
Debris was found in some tissues, which may be caused by precipitation of heamatoxlin 
in the process o f immunostaining. 
3.7.3 Immunolocalization of TRPM2 in Human Kidney 
The nephron, the functional unit of the kidney, consists of two major components, the 
renal corpuscle and the renal tubule. The renal corpuscle is responsible for the filtration 
of plasma and is a combination of two structures, Bowman's capsule and the glomerulus. 
The renal tubule extends from Bowman's capsule to its junction with a collecting duct. 
Immunohistochemical study was performed in human kidney. Representative 
immunoimages of TRPM2 in human renal glomerulus (Fig 3.25) and renal cortical 
collecting duct epithelial cells (Fig 3.26) with 40x magnification. Intense staining of 
TRPM2 proteins were observed in human glomerular endothelial cells and collecting 
ducts. Negligible signal was obtained in control experiments, which were performed in 
the absence of primary antibody. 
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Fig 3.23 F Large-sized cerebral artery (control) (40x) 
Fig 3.23 Representative immunoreactivity images for TRPM2 proteins in endothelium 
and smooth muscles o f human cerebral arteries. (A,B,C) Intense immunoreactivity was 
observed in endothelium and smooth muscles o f human cerebral arteries at 40x 
magnification. (B) Negligible immunoreactivity was observed in negative control 
experiments which were done in the absence of primary antibody. Blue color: 
counterstaining by Heamatoxlin; Brown color: positive signal. 
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Fig 3.24 Representative immunoreactivity images for TRPM2 proteins in human cardiac 
myocytes and small-sized arteries 
(A) Intense immunoreactivity was observed in human cardiac myocytes and small-sized 
arteries at 40x magnification. (B) Negligible immunoreactivity was observed in 
negative control experiments which were done in the absence of primary antibody. 
Blue color: counterstaining by Heamatoxlin; Brown color: positive signal; C M = 
cardiac myocytes, SSA= small-sized arteries. 
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Fig 3.25 Representative immunoreactivity images for TRPM2 proteins in human renal 
glomerular endothelial cells. 
(A) Intense immunoreactivity was observed in renal glomerular endothelial cells at 40x 
magnification. (B) Negligible immunoreactivity was observed in negative control 
experiment which was done in the absence of primary antibody. Blue color: 
counterstaining by Heamatoxlin; Brown color: positive signal; GEC = glomerular 
endothelial cell. 
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Fig 3.26 Representative immunoreactivity images for TRPM2 proteins in human renal 
collecting duct.epithelial cells 
(A) Intense immunoreactivity was observed in renal collecting ducts at 40x magnification. 
(B and C) Negligible immunoreactivity was observed in negative control experiments 
which were done in the absence of primary antibody. Blue color: counterstaining by 
Heamatoxlin; Brown color: positive signal; RCD = renal collecting duct. 
112 
Chapter 4: Discussion 
4.1 Oxidative modification of Ca:— homeostasis 
Cytosolic Ca T is a key factor involved in the regulation of a large number of cellular 
functions. Increases in can initiate and modulate many different processes, 
including short-term responses, such as muscle contraction or secretion and long-term 
1 Q， 
events like cell growth. Recently, a great deal of attention has been focused on the 
mechanisms involved in Ca"^ mobilization in response to changes in the redox state. 
Oxidative modification of Ca""^  channels or proteins involved in Ca"^ metabolism has 
been observed in several cell types, suggesting that changes in the redox potential may 
play an important role in Ca" homeostas is . ' ' 
4.2 Pathophysiological effects of ROS on endothelium 
Endothelium has long been known to be particularly susceptible to oxidative stress. ROS 
(H，0，’ 02*\«0H) are found to be important mediators in endothelial cell injury and arc 
likely to play a central role in many cardiovascular, cerebrovascular, and pulmonary 
diseases such as myocardial infarction, ischemic stroke, acute respiratory distress 
syndrome, and acute organ transplant r e j e c t i o n . c o r r e l a t i n g with an increase in 
cytosolic free Ca"' in endothelial cells. In porcine aortic endothelial cells. SOD and 
catalase were found to restore the effect of X-XO on inhibition of protein synthesis and 
ONA strand breaks,丨‘?^.丨卯 suggesting the pathological role of these oxidants in endothelial 
cells. 
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Although ROS-induced tissue damage is thought to contribute to a number o f human 
diseases, the actual molecular mechanisms remain obscure. In recent years, accumulating 
evidence has suggested that ROS are no longer merely considered injurious by-products 
o f metabolism but are also essential participants in cell signaling to regulate cellular 
functions. 191 In human umbilical vein endothelial cells and rat liver endothelial cells, 
extracellular applied ROS have been shown to initiate endothelial synthesis o f platelet 
activating factor, major histocompatibility complex class, activation of P-selectin, and 
PKC.149 Acute addition o f H2O2 to isolated perfused vessel rings caused endothelium-
dependent and -independent v a s o r e l a x a t i o n , 192，193 which the endothelium-dependent 
1 
component was due to stimulatory effect of H2O2 on NO release. H2O2 was also found 
to stimulate the release o f vasodilator, prostacyclin, from porcine aortic endothelial cells, 
2+ 
which was explained by its effect on [Ca ]i in endothelial cells. The adherence of 
endothelial cells to circulating neutrophils and leukocytes was also stimulated by H2O2, 
by promoting the production o f platelet-activating factor】94 and the expression of cell 
adhesion m o l e c u l e s . 朋 ] ; " ^ Moreover, Zhu L et al. has reported that the increases in 
microvessel permeability are directly linked to the effect o f ROS on cytosolic free Ca^^ in 
endothelium. A l l these evidence suggests a role o f H2O2 as an intracellular messenger in 
endothelium. 
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4.3 Effects of ROS on microvascular endothelial Ca^ ^ reported by 
other investigators 
As mentioned in the introduction, ROS was reported to have multiple targets in Ca〗. 
mobilization in endothelial cells. However, the available data on H2O2- and/or Oi* ' -
induced Ca〗— signaling are very confusing. Moreover, most of these studies are focusing 
on the effect of ROS on cytosolic Ca^ "^  in macrovascular endothelium instead of that in 
microvessel and there are only three papers investigating the effect of ROS on cytosolic 
Ca2+ in endothelial cells derived from microvessel. One of these is from Kimura et a l , 
which showed that O2•“ produced by hypoxia-reoxygenation inhibited ATP-induced Ca 
oscillation in bovine brain microvascular endothelial cells.丄卯 Another one is from 
Siflinger-Bimboim A et al., which showed that H2O2 induced an immediate rise as 
well as Ca2+ leaks in the endothelial plasmalemmal membrane in bovine pulmonary 
microvascular endothelial cells. The third one is from Zhu L et al., which showed that 
O2•‘ produced by activated neutrophils induced a transient rise in venular 
microvascular endothelium derived from rat mesenteries and that microvessel 
permeability was directly linked with the release of ROS from activated neutrophils 
199 
independent of adhesion of leukocyte. 
As the mechanism of Ca^^ entry in microvascular endothelial cell has not been 
extensively studied, experiments were performed in the present study to characterize the 
Ca2+ signalling pathway activated by O2•‘ and/or H2O2 in murine microvarcular 
endothelial cells (H5V). We have used Ca^^ imaging to investigate the cellular 
consequences and mechanisms underlying microvascular endothelial cell responses to 
oxidative stress. 
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4.4 Studies of the effect of HX-XO on cytosolic 
In analogy to biological ROS production, an enzymatic oxidant generating system, HX-
XO, was primari ly used to expose endothelial cells in the present study. H X - X O reacts to 
yield 02®' as the primary product, which may spontaneously or enzymatically dismutates 
into H2O2. In the presence of catalysts, such as iron, 02* ' and H2O2 may interact to form 
•OH. It has been reported that O2•‘ passes through anion channels in the cell 
membranei48 and H2O2 is freely diffusible across the cell membrane. Since the highly 
reactive • O H does not pass the plasma membrane, its effect must either result from 
intracellular • O H generation or via oxidation o f membrane components. 
4.4.1 Role of O2•“ and H2O2 in HX-XO-induced elevation 
To test the specificity o f the HX-XO effect on [Ca^^ji in our experiment, HX -XO was 
applied after preincubation in a O2•“ scavenger SOD (250U/ml). Presumably, this amount 
of SOD (250 U/ml) being used in the present study should be more than enough to 
remove all the produced The results show that the SOD treatment partially 
inhibited the response. To test the role of H2O2 and •OH in the HX-XO 
experiment, catalase (2000U/ml), which reduces H2O2 to H2O, and DMSO (2%), which 
scavenges •OH, were used. Catalase showed a partially inhibitory effect on 
response while DMSO did not modify any Ca^^ response. Therefore, our HX-XO 
experiments showed that O2•“ and H2O2 induced cytosolic free Ca "^" elevation in 
microvascular endothelial cells derived from murine heart. 
Similar experiments have been done by other investigators. For examples, Zhu L et al. 
and Sifl inger-Bimboim A et al., used venular microvascular endothelium derived from rat 
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mesenteries exposed to 02*" generated by fMLP-stimulated neutrophils and used bovine 
pulmonary microvascular endothelial cells exposed to exogenous application of H2O2 
respectively. However, the suggested oxidant species responsible for the HX-XO-induced 
Ca2+ signal were different from different investigators. Dreher D et al. demonstrated that 
SOD, catalase, as well as o-phenanthroline could reduce the Ca^^ response to HX-XO in 
human umbilical vein endothelial cells, indicating that 02*', H2O2 and •OH are all 
responsible for the observed Ca2+ movement. On the contrary, Azma et al. reported that 
Ca2+ movement provoked by X-XO (lOOuM; 20mU/ml) in porcine aortic endothelial 
cells was not contributed by Oi* ' , but was a result from H2O2 and •OH. In addition, Volk 
T et a l reported that HX-XO provoked-Ca^^ signaling was resulted from H2O2 instead of 
O2•“ and •OH. Because the amounts of HX and XO used in different studies were 
different, it is quite difficult for us to compare and to explain the discrepancy. For 
example, 2mU/ml XO was used by Volk T et al, which was 10 fold less than that in the 
present study. On the other hand, Dreher D et al. controlled the quantity of O2•‘ produced 
by X-XO into 1 Onmol O2•‘ /ml/min without mentioning the exact amount of the enzyme 
and its substrate used in the experiment. Whether these differences are due to different 
cells under different conditions of incubation is not yet known and can only be speculated 
on. 
As compared with other hydroxyl radical scavengers such as acetone and ethanol, DMSO 
was shown to be a very efficient hydroxyl radical scavenger with rate constant 6.6 x 10^ 
Lmol-is-i. Moreover, there are evidences indicate that the inhibition effect of DMSO on 
hydroxyl radical production is dose dependent. Concentration of DMSO ranging from 
10-4 扔 10-2 molar are used by different investigators. The concentration of DMSO (2%), 
i.e.〜250mM, being used in the present study may be relatively high as compared with 
other studies and we can not exclude the possibility that the high dose of DMSO may 
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itself disturb the [Ca^^Jj. However, as the Ca^^ rise responded almost immediately after 
the addition of HX-XO, this Ca〗. response is most likely caused by HX-XO instead of 
DMSO. 
4.4.2 IP3R involvement in HX-XO-evoked Ca^ ^ movements in H5V cells 
2+ 
Endoplasmic reticulum (ER) was reported to be one of the main internal Ca sources for 
Ca2+ release in response to oxidative stress in different cell types. The Ca^^ release 
induced by H2O2 in human platelets and hepatocytes has been attributed by an increase in 
the affinity of IP3R to IP3 or/and SERCA inactivation.^'^^ In other cell types, H2O2 blocks 
SERCA,200 interferes with activation of transcription factors, and may initiate 
apoptosis.201 
To access the role of IP3-sensitive Ca^^ stores in the Ca "^" movement provoked by HX-XO 
in H5V, XeC, a potent inhibitor of the IPs-receptor (IP3R) on ER that displays high 
selectivity over ryanodine receptors, was added to H5V cells in NPSS. Preloading of 
H5V cells with 10 u M XeC significantly inhibited the elevation provoked by the 
following addition of HX-XO (Fig 3.3A and 3.3B). These results indicated that the 
-Ca2+]i elevation provoked by HX-XO at concentrations used in the present experiment 
was at least partially dependent on Ca^^ release from IPs-sensitive intracellular Ca^ "^  
stores. 
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4.4.3 PLAi involvement in HX-XO experiment 
• • 20 2 
ROS are considered to be important mediators of cytotoxicity in ischemia/reperfusion, 
toxic cellular injury,^^^ and apoptosis?^'^'^^^ Oxidant stress and peroxidation of l ipid 
substrates have been shown to enhance PLA2 a c t i v i t y , 2 0 6 - 2 0 8 ^nd the associated activation 
of PLA2 has been proposed to be a critical factor in i n j u r y . ^ ^ pLA ] has been proposed 
to act synergistically wi th ROS to cause cellular injury?^^ Despite such evidence, the 
mechanism of PLA2 in cellular injury in response to oxidative stress remains 
controversial.^^^ It is known that arachidonic acid, the metabolite of phospholipids 
hydrolysis catalazed by phospholipase A2 (PLA2), can activate IP3-mediated Ca^ "^  release 
on ER. Therefore, experiments were done to investigate the possible involvement of 
PLA2 in HX-XO-induced rise in H5V. In consistent with previous study, which 
showed that H2O2 had an stimulatory effect on PLA2, we have demonstrated that 
quinacrine, a PLA2 inhibitor, could significantly inhibit the [Ca^^ji rise in response to 
HX-XO in H5V, indicating the important role o f P L A i in this experiment. 
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4.5 Studies of the effect of direct H2O2 application on cytosolic [Ca�.]丨 
As H2O2 is a secondary product in HX-XO system, the remaining part of the study was 
2+ 
therefore set out to determine the effects on Ca signalling when H2O2 was employed 
directly as a primary oxidant in the experiments. 
4.5.1 Hydrogen Peroxide Induced rise in a Extracellular Ca^ ^ 
Concentration Dependent Manner 
2+ 
The technique by which H2O2 was added in the absence of external Ca enabled 
temporal isolation of HiOi-activated internal stores Ca^ "^  release and Ca^^ influx. The 
small increase in in OCa^^-PSS reflected Ca "^" release in response to H2O2 and the 
large increase in [Ca2+]i in the presence of H2O2 reflected activity of the H202-stimulated 
Ca2+ entry pathway. As the amplitude of the rapid Ca^^ response in NPSS was 
significantly greater than that in OCa^^-PSS, Ca^^ influx from the extracellular space 
2 j • 
through Ca2+ channels was showed to be the principal source of Ca movements in 
response to H2O2. Similar results have been reported in canine venous endothelial cells^^^ 
and porcine aortic endothelial ce l l s .Mo reove r , by comparing the magnitude of 
rise in response to H2O2 between the cells bathed in different concentrations of 
extracellular Ca2+, it was showed that the amplitude of rapid [Ca2+]i elevation in response 
to H2O2 increased with higher level of extracellular Ca "^" (Fig 3.9A and 3.9B). 
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4.5.2 Hydrogen Peroxide Induced [Ca ]i rise in two phases (Rapid 
and Slow response) 
Prolonged exposure of 500 u M H2O2 in H5V was found to cause a biphasic elevation in 
[Ca2+]i: a rapid Ca^^ response which consisted of both Ca^^ release and Ca?^ influx within 
300 seconds and a slow response happened several minutes later. A similar late 
progressive Ca2+ rise was found by Geeraerts et al. (1991) in human umbilical vein 
endothelial cells exposed to high dose of xanthine-XO for over 30 min in which the 
_Ca2+]i rise occurred at a time when most of the superoxide production had ceased and 
was therefore most probably due to the direct effect of the accumulated H2O2. It was 
suggested that the late, progressive [Ca^^Ji rise induced by high concentrations of H2O2 
was qualitatively different from the early response induced by X-XO or low 
concentrations of H2O2. This notion is consistent with Kimura et al. (1992), which 
exposed porcine aortic endothelial cells to 100 u M H2O2 for over 60 min. 
4.6 Effect of H2O2 on ATP-induced Ca^ ^ response 
4.6.1 H2O2 inhibited ATP-induced Ca!. release in a concentration 
and time dependent manner 
In addition to their own stimulatory effects on [Ca2+]i, O2•‘ and H2O2 were reported to 
affect agonist-induced Ca^^ movement, either stimulatory or inhibitory in different cell 
types, including endothelial cells. In Graier WF et al. (1998), it was suggested that O2•‘ 
increased intracellular Ca2+ release and store-operated-Ca^^ influx (SOC) in response to 
bradykinin and ATP in cultured porcine aortic endothelial cells, whereas in Kimura C, 
02*" eliminated ATP-induced Ca^^ oscillations in bovine brain microvascular endothelial 
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cells and aortic endothelial cells. The discrepancy may be caused by different 
concentrations of O2•‘ being used in the studies, in which low dose of O2•‘ was generated 
enzymatically in HX-XO system by Graier WF and relatively high dose of O2•‘ was 
generated in hypoxia/reoxygenation or acute glucose overload by Kimura C. While in 
other cell types, H2O2 was also shown to attenuate SOC-evoked by agonist, which was 
suggested to be mediated by abnormal actin reorganization in human platelets and PKC 
activation in thyroid FRTL-5 cells. 
We therefore examined the effect of H2O2 treatment on agonist (ATP)-induced Ca2+ rise 
2 + • • 
in H5V. ATP was reported to induce a Ca transient with a threshold concentration of 0.3 
| iM as well as Ca oscillations at high concentration (10 f iM) of ATP in bovine brain 
microvascular endothelial cells. ^ ^^  In the present study, 1 jaM ATP was used to induce a 
Ca2+ transient in H5V. Our results indicated that the H2O2 (500 | iM and 1 mM) appeared 
to inhibit Ca^^ release induced by 1 uM ATP in H5V in a H2O2 concentration dependent 
and a H2O2 incubation time dependent manner, such that the inhibitory effect increased 
with pre-incubating cells with higher concentration of H2O2 for a longer period. Our 
result is consistent with Wesson DE et al. and Doan TN et al., which showed that high 
dose of H2O2 ( lOmM) inhibited Ca〗. response to BK in calf pulmonary artery endothelial 
cells and ATP in canine venous endothelial cells respectively. On the contrary, Volk T 
showed that H2O2 generated in HX-XO system (with 2mU/ml XO) did not alter [Ca^^ji 
responses to ATP or histamine in rat liver macrovascular endothelial cells and human 
umbilical vein endothelial cells. Again, the discrepancy may be explained by the higher 
concentration of H2O2 used in our studies. 
Ca2+ mobilization induced by agonists has been considered to correlate directly to normal 
endothelial functions, such as secretion of EDRFs.^^^'^^^ Therefore, the disruption of 
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agonist-induced intracellular Ca〗. homeostasis by H2O2 may represent a critical 
mechanism of endothelial cell dysfunction in oxidative stress such as that in reperfusion 
injury. 
4.6.2 IP3R involvement and store depletion in H2O2 experiment 
2+ 
As ATP-induced Ca release is known to be mediated by the binding of IP3 to IP3 
receptor (IP3R) located on the ER membrane, we hypothesized that H2O2 decreased ATP-
induced Ca release by firstly depleting the intracellular Ca stores via activating IP3R-
mediated intracellular Ca^^ release. Moreover, since our previous work had showed that 
the [Ca2+]i response provoked by HX-XO was dependent on IP3R, experiments were 
carried out to see i f IP3R participated in the H202-induced Ca^^ response. Our results, in 
agreement wi th others, ^ ^^  demonstrated that treatment of endothelial cells with H2O2 
induced Ca^^ release from intracellular IP3-sensitive 
stores via IP3R. This effect 
might be mediated by increasing IP3 synthesis, sensitizing IP3R, inhibiting SERCA or 
prior depleting the ATP-sensitive Ca^^ stores. The effects of H2O2 on IP3 generation or 
IP3R sensitization have also been reported in other cell types. Ca release induced by 
H2O2 in human platelets and hypatocytes has been attributed by an increase in the affinity 
of IP3R to IP3 or/and SERCA inactivation. In human aortic endothelial cells, Hu Q et 
al.i7G suggested that H2O2 induced Ca^^ release from ER by increasing the sensitivity of 
IP3R to IP3 instead of IP3 synthesis . "�On the contrary, Volk T et al. (1997) and Siflinger 
B.A. suggested that H7O2 caused Ca^^ signalling from IP3 sensitive stores via IP3 
generation in endothelial cells derived from rat liver, human umbilical vein and bovine 
pulmonary vessels. The results from my XeC experiment and the internal stores Ca^^ 
experiment by mag-fluo 4 only confirmed the involvement of IPsR-mediated Ca^^ release 
and Ca2+ store depletion in response to prolonged H2O2 exposure in H5V, yet we cannot 
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exclude the possible participation o f SERCA in the observed Ca〗. signalling. Therefore, 
the mechanism in details remains to be established. 
As inhibit ing Ca "^^  release via IP3R by XeC abolished almost all the [Ca^^Ji rise in 
response to H2O2, the H202-induced Ca inf lux was showed to be a SOC. This is 
consistent wi th Redondo PC et al. (2004), in which low concentration of H2O2 (10-100 
} iM) was found to induce Ca release and subsequent SOC in human platelets. 
4.7 Dissecting Signal Transduction Pathways in HzCMndiiced [Ca�.]丨 
rise 
4.7.1 PLC involvement in H2O2 experiment 
Phospholipase C activation by G protein-couple receptors is an important step in 
receptor-mediated signal transduction as it hydrolyzes phosphatidylinositol-4,5-
bisphosphate (PIP2) to produce diacylglycerol (DAG), the endogeneous activator of 
protein kinase C (PKC), and IP3, which mobilizes Ca "^" from intracellular stores. 
Modulation of inositol phospholipids and D A G has been reported after exposure of 
212 213 
different cells to hydrogen peroxide and is suggestive of PLC activation. ， H2O2 has 
been reported to activate PLC^^"^ in epithelial cells and porcine pulmonary artery 
endothelial cells. In our experiments, a 30 min pre- and co-incubation of H5V cells wi th 
U73122, a substance which blocks PLC,^^^'^^^ potently inhibited the maximum [Ca^""]] 
provoked by H2O2 (Fig 3.15A and 3.15B), indicating that PLC is a potential target in 
H202-induced Ca^^ transients of microvascular endothelial cells. Similarly, U73122 was 
found to effectively reduce HiOi-induced-emptying of intracellular stores in rat liver 
macro vascular endothelial cells and human umbilical vein endothelial c e l l s . ' 4 9 
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4.7.2 PLA2 involvement in H2O2 experiment 
As PLA2 was showed to be involved in [Ca ]i rise in the previous HX-XO experiments, 
experiments were done to investigate its involvement in the Ca^^ response provoked by 
H2O2 alone. Pretreatment of H5V cells with a quinacrine (100 j iM) for 10 minutes 
markedly reduced H202-induced rapid [Ca^ "^ ]； rise, suggesting the participation of PLA2 
in HiOi-induced 
「Ca2+li rise in H5V cells. It is known that arachidonic acid, the 
metabolite of phospholipids hydrolysis catalazed by PLA2, can activate IP3-mediated 
Ca release on ER. Moreover, downstream products of PLA2 are reported to have some 
regulatory effect on the activity of PKC, which can in turn inhibit PLC activity. Therefore, 
it is apparent that H2O2 activated hydrolysis of phospholipids by PLA2, and the 
2+ 
metabolites of PLA2 activated IPs-mediated Ca release by stimulating the activity of 
PLC. Cytosolic PLA2 has been reported to potentiate H2O2 cytotoxicity in kidney 
epithelial cells〗" and PLA i has been proposed to act synergistically with ROS to cause 
cellular injury?^^ Therefore, the activation of PLA2 in the observed Ca^ "^  response 
stimulated by H2O2 may be a critical factor in cellular injury associated with oxidative 
stress. 
4.7.3 Hydroxyl radical did not involve in H2O2 experiment 
As hydroxyl radical, which is considered to be the most active ROS, can be generated 
from H2O2 in the Haber-Weiss reaction, experiments were done to investigate whether the 
I 
observed H202-induced Ca response was mediated by the generation of hydroxyl 
radical. Our results indicated that pre- and co-incubating cells with the efficient hydroxyl 
9 j. 
radical scavenger, DMSO (2%), for 30 minutes did not alter the Ca" movement in 
response to H2O2 at a concentration used in the present study (Fig 3.17A and 3.17B), 
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suggesting that the observed H2O2 effect did not involve hydroxyl radical. 
4.8 Fuctional Studies of TRPM2 
4.8.1 Expression of TRPM2 in H5V on protein level 
As mentioned in the introduction, TRPM2 was reported to be one of the important redox 
sensors in the vascular system, we therefore examined the expression of TRPM2 in H5V 
cells (mouse heart endothelioma cells) at protein level. Western blott analysis of whole-
cell lysates from H5V cells yielded a protein band of the appropriate molecular mass for 
TRPM2 (〜175kDa), suggesting the expression of TRPM2 protein in H5V cells (Fig 
3.18A).219 
4.8.2 TRPM2 involvement in the Ca signalling in response to H2O2 in 
H5V cells 
As TRPM2 protein was found to be expressed in H5V, it is very likely that the observed 
Ca2+ signalling in response to H2O2 in the present study was at least partially mediated by 
the TRPM2 channel. A TRPM2 antisense cDNA construct was transfected into H5V cells 
and was showed to reduce the TRJPM2 protein expression in H5V cells by 85% as 
compared to those transfected with sense TRPM2 constructs (Fig 3.18A and 3.18B). 
To assess the functional role of TRPM2 in H5V cells, the experimental protocol same as 
that in Fig 3.6 was used to test the effect of antisense TRPM2 on EbOs-induced 
entry. Our results showed that both the percentage of responding cells and the amplitude 
of Ca2+ influx in response to H2O2 among the responding cells were significantly reduced 
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in the TRPM2-antisense-H5V when compared to that in TRPM2-sense H5V, suggesting 
the involvement o f TRPM2 in HiOi- induced changes in H5V cells. 
A non-identified quiescent novel non-selective cation (NSNAD) channel in CRI-GL cells 
was reported to carry very similar characteristic o f TPRM2 as it had a significant 
conductance for divalent cations, most notably Ca^"", and it required the presence o f both 
Ca2+ and N A D on the cytoplasmic aspect of excised patches for channel activity to be 
observed. Moreover, a second, late rise in that could be observed in response to 
micromolar level o f H2O2 in the cells was proposed to be caused by H202-induced 
activation o f the NSNAD channels, leading to concurrent depolarization and eventual cell 
death through calcium overload. 
We are the first to demonstrate the participation o f TRPM2 in the linkage between H2O2 
stimulation and Ca^"" homeostasis in endothelial cells. However, as the TRPM2-antisense 
constructs did not abolish all the Ca^^ response upon H2O2 stimulation, we could not 
exclude the possible involvement of other channels such as TRPC3, TRPC4 and TRPM7 
in the observed HiOi- induced Ca^^ entry in H5V. Our studies suggest that targeted down-
regulation of the TRPM2 channel may protect endothelial cells from oxidative stress-
induced cell injury. 
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4.9 H2O2 concentration in my projectphysiological or pathological? 
In close analogy to NO, which is toxic in high quantities and a potent intercellular 
signalling molecule in low quantities, ROS in low quantities are anticipated to be 
regulatory physiologically and participate in pathological process in high quantities. 
Formation of H2O2 occurs via reduction of molecular oxygen or dismutation of the 
superoxide anion, and much of its biological significance can be traced to its secretion by 
activated neutrophils or monocytes. H2O2 appears to be particularly important in the 
context of neutrophil-endothelial interaction in inflammation. Although secretion of the 
oxidant by neutrophils after activation in vitro and subsequent adherence to endothelial 
cells or matrix proteins may be as much as 100 nmol/10^ cells, the amount of H2O2 
produced by neutrophils in vivo is unknown/^^ Within the microenvironment created by 
the adhesion of an activated neutrophil to its target endothelial cell, the concentration of 
H2O2 may be quite high, particularly i f such an area represents a limited-diffusion space. 
Human platelets stimulation with collagen 10 or 50 jj,g/ml was found to induce 
production of H2O2 which reached a concentration close to 1 mM. As reported in other 
publications, pathological activities of the HX/XO system commenced at 5mU/ml XO 
while direct application of H2O2 was able to induce similar Ca^ "^  transient when 
concentrations of at least 500 uM were 
used /The re fo re , the HX-XO and H2O2 
concentrations being used in the present study should be most probably pathological and 
may reflect that in ischemia/reperfusion injury. 
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4.10 H2O2—TRPM2—Cell death 
Although ROS have been implicated in cell death, the exact mechanism(s) are, as yet, 
unclear. A favored hypothesis is that H2O2 causes D N A strand breaks, leading to the 
activation of nuclear poly(ADP-ribose) polymerase, which critically depletes the cell of 
NAD, leading to eventual cell death. It has also been postulated that H2O2 disrupts the cell 
membrane integrity in a nonspecific manner through l ipid peroxidation. However, there is 
also a good correlation between oxidative stress (H2O2 toxicity), induction of ROS, and 
an increase in intracellular Ca^^ levels immediately preceding the final destructive 
‘ 220 events. 
As TRPM2, which is known to participate in oxidative stress-induced cell death, was 
found to be expressed in H5V at protein level, our interest extended to the cell death 
stimulated by H2O2 in H5V. It was found that prolonged exposure of H2O2 for 40 hours 
markedly reduced the number of cells attached to cultureware, indicating that cells 
experienced decreased cell proliferation or massive portion of cells died in this period. 
Moreover, nuclei condensation and fragmentation, and unevenly textured and irregularly 
shaped nuclei were observed after H2O2 treatment, indicating apoptosis and necrosis 
resulting from prolonged exposure of high dose of H2O2 in H5V cells (Fig 3.22A and 
3.22B). Therefore, it is likely that TRPM2 channels may contribute to the observed H5V 
148 
cell death induced by H2O2, as has been reported in other cell types. However, more 
experiments are needed to clarify the issue in the fixture. 
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4.11 Expression of TRPM2 in human blood vessels and other tissues 
As our previous study showed that ROS induced Ca〗. influx in cultured endothelial cells 
and this Ca^^ influx was at least partly mediated by TRPM2, we extended our interest to 
the distribution pattern of TRPM2 channels in human cardiovascular system. Our 
immunohistochemistry studies indicate that TRPM2 is expressed in endothelial cells and 
smooth muscles in cerebral arteries, small-sized arteries in heart and cardiac myocytes. In 
addition to cardiovascular system, we also showed that TRPM2 is expressed in renal 
glomerular endothelial cells and cortical collecting ducts. Taken together, our results 
2+ 
suggest that TRPM2 channels may play an important role in ROS-induced Ca 
mobilization in the cardiovascular system. 
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